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Abstract 
 Nowadays, there has been an increasing interest in Terahertz (THz) radiation 
for application across scientific disciplines including atmospheric sensing, medical 
diagnosis, security screening and explosive detection. The limitation of THz 
generators and detectors has gained interest from scientists and engineers to explore 
the development of both sources and detectors. With the advantages of low cost, low 
power consumption, high reliability and potential for large-scale integration, sub-THz 
generator and detector can be developed using CMOS process technology. 
 In this thesis, an IMPATT diode acts as a sub-THz generator, HEMTs and 
MOSFETs act as sub-THz detectors, which are developed in AMS 0.35 µm CMOS 
technology and UMC, 0.18 µm CMOS technology. The size of the IMPATT diode 
was 120 µm x 50 µm with the target resonant frequency at 30 GHz. The experiment 
results show that the operating frequency of the IMPATT diode was between 12 GHz 
up to 14 GHz. Then by using HEMTs with 0.2 µm gate length and 200 µm gate 
widths, sub-THz radiation detection has been demonstrated. Experimental results 
show that the photoresponse depends on the drain current and the gate to source 
voltage VGS. In addition, photoresponse also depends on varying frequencies up to 220 
GHz and fixed the drain current. Furthermore, the HEMT also give an indication of 
response by varying the input power of microwave extender.  
 MOSFETs from two types of CMOS technology; AMS 0.35µm and UMC 0.18 
µm technology with different gate length ranging from 180 nm up 350 nm were 
demonstrated. These results provide evidence that the photoresponse increases with 
the drain current and the RF input power, but inversely to the frequencies. These 
results also provide evidence that the MOSFETs are able to work as low cost and 
sensitive sub-THz detector.  
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Chapter 1 
Introduction 
 
 The development of sub-Terahertz (sub-THz) generators and detectors is one 
of the hot issues in modern Terahertz electronics. Sub-THz lies between 30GHz up to 
100GHz. Many applications can be benefit from the generation and detection of THz 
radiation such as security, medicine, communication, and also remote sensing. The 
limitation of the sub-THz generator and detector aroused the need to develop devices 
in terms of power, responsivity, sensitivity, and time response.  
 With this motivation, the thesis will be presenting work on sub-THz 
generation and detection in electronic devices using CMOS processes. Silicon devices 
have an additional advantage since most of the electronic devices foundry and 
designer in the industry have been exposed in CMOS process. The major emphasis in 
this thesis is on the design, analysis and implementation of devices in order to 
generate and detect sub-THz radiation by using a low cost AMS C35 and UMC18 
CMOS technology. Two types of devices have been investigated; IMPATT diodes 
which act as a sub-THz generator and a Metal Oxide Semiconductor Field Effect 
Transistor or MOSFET acting as a sub-THz detector. Our objectives are to 
understand, design and measure the properties of sub-THz devices in conventional 
CMOS process technology.  
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 There are 5 chapters in this thesis. In Chapter 2, a review state of art sub-THz 
generators and sub-THz detectors is presented. Sub-THz generators discussed on 
lasers, oscillators, multipliers and THz generation is discussed using semiconductor 
technology. Besides that, sub-THz detectors discussed on bolometers, golay cells, 
pyroelectrics, photoconductive antenna, Schottky diodes, and FETs. 
In Chapter 3, the theory of IMPATT diodes is presented. The operation and 
also its efficiency will be discussed as well. Compared to other sub-THz 
semiconductor devices, IMPATT diode has been chosen because of its capability to 
generate sub-THz better in terms of resonant frequency and output power in negative 
resistance. The design¶V flow for IMPATT diode based on theoretical appreciation, 
design and experimental assessment will be discussed in this chapter. The designs 
were made using AMS C35 CMOS technology. 
The research continues by looking at detection of sub-THz radiation using 
Field Effect Transistors (FETs) in Chapters 4 and 5. In Chapter 4, the plasma wave 
detector by High Electron Mobility Transistor (HEMT) will be discussed. The 
method of sub-THz detection is different from the previous work because the 
radiation can be detected quasi-statically. Previously, researchers used femtosecond 
laser to generate THz pulse radiation, while in these experiments continuous-wave 
generator will be used to generate sub-THz radiation. There is a clear evidence that 
sub-THz can be detected using commercial HEMT Avago Technology ATF-36163. 
In addition, there is also clear evidence that the detection of sub-THz radiation varies 
based on different frequencies and power.  
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In Chapter 5, the focus will be on understanding and designing Metal Oxide 
Semiconductor Field Effect Transistors (MOSFETs) manufactured using CMOS 
technology as sub-THz detectors. This type should prove to be very cheap in terms of 
large-scale production. MOSFETs were designed using a conventional CMOS 
process in AMS C35 and UMC18 CMOS technology. The responses for sub-THz 
both types of MOSFETs were measured. Experimental evidence shows that 
MOSFETs can also be used as sub-THz detectors whereby responsitivity will depend 
on drain current, frequency and input power. Finally, Chapter 6 will summarize the 
experimental results on generating sub-THz signals and on detecting sub-THz signals 
using MOSFETs that were designed and fabricated using AMS C35 and UMC18 
CMOS technology. 
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Chapter 2 
Sub-Terahertz Technology:  
Generation and Detection  
2.0 Introduction 
 In recent years, research in the millimetre wave or sub-terahertz (sub-THz) 
spectrum has gained interest and can be used in a wide range of applications; 
communication [1], material identification [2] and atmospheric transmission [3]. In 
security applications, hazardous agents [4], chemical and biological substances [5] 
can be detected. There has been substantial growth in interest in security [6] and 
medical imaging [7]. In the electronic sector, sub-THz radiation has been used in 
characterisation of semiconductor materials [8] and also in the testing and failure 
analysis of MOSFETs and VLSI circuits [9]. 
 In this chapter, a brief review of the state of the art of existing sub-THz 
generator and detectors, both past and present is given. The development in 
understanding the principle of sub-THz generator and detector will been given. 
 
2.1 Generation of sub-THz radiation 
 In general, when generating sub-THz radiation in continuous wave (CW) 
mode, there are two kinds of approaches that can be used; optical and electronic. The 
optical generation methods of sub-THz include photoconductive antenna [10], optical 
rectification [11], free electron laser (FEL) [12], optically pumped IR lasers [13] and 
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quantum cascade lasers (QCL) [14]. While the optical approaches are big, bulky and 
expensive, researchers and engineers managed to developed compact, small and low 
cost sub-THz generators by using semiconductor electronics. The miniaturized 
sources include sub-THz sources that are capable of generating continuous wave 
(CW) including Backward Wave Oscillators (BWO) [15], frequency multipliers [16], 
photomixers [17], Gunn diode oscillators, IMPATT diode oscillator [18] and HEMT 
[19]. There are pros and cons of each sub-THz generator, in terms of power and 
operating frequency range. Figure 2.1 shows the average power of each sub-THz 
generator plotted against its frequency of operation. 
 
Figure 2.1: Average power comparison versus frequencies for sub-THz devices [20]. 
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Photoconductive antenna 
 
 
Figure 2.2: Dipole photoconductive antenna [21]. 
 
Figure 2.2 shows a schematic of a dipole THz photoconductive antenna. The 
structure consists of a two micro-strip lines fabricated on a GaAs grown at low 
temperature so that the material is highly defected using gold as the metallization. 
One micro-strip is biased with a DC voltage and the other is grounded. Half way 
along the microstrips, there is a shorting link with a gap in the middle [21]. With a 
gap at the centre of the antenna, no current will flow through the link. However, when 
the gap is illuminated with a femtosecond pulsed laser, the excited carriers will 
reduce the resistance of the gap and current will flow. When the laser pulse ends, the 
photoexcited carriers quickly recombine, because of the nature of low temperature 
GaAs, and the current decays rapidly to zero. Consequently the generated current 
pulses also have a sub-picoseconds temporal response, which corresponds to a 
  
7 
spectral response range of 0.1 to 3.0 THz [21]. The frequencies generated by the 
photoconductive-switched antennas are higher when compared to other techniques 
discussed below. 
 
Optical rectification 
 
   
Figure 2.3: Optical rectification [22]. 
 
     Optical rectification approach as shown in figure 2.3 is a commonly used method 
since it has both a high signal-to-noise ratio and a very broad bandwidth [22]. THz 
radiation will be generated by the production of a transient polarization. When 
femtosecond laser passes through a transparent crystal material such as GaAs, ZnTe, 
CdTe, or InP, an ultra-short electrical pulse are obtained in THz frequencies without 
applying any voltage.  
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Free Electron Laser 
 Another source of sub-THz is the Free Electron Laser (FEL). Unlike the 
majority of sub-THz sources, which generate powers in the microwatt to milliwatt 
range, the FEL can generate radiation with an output power in excess of hundreds of 
Watts. In a FEL, electrons are accelerated so that their speed is close to the speed of 
light and then they are sent through a ಫwigglerಬ which is essentially a magnet which 
forces the electrons to follow sinusoidal path. Even though the electrons have 
constant speed, their direction of travel changes and hence their velocity. 
Consequently, the electrons are accelerated and so emit radiation [23].  
 
Optically and electrically pumped lasers 
 
 
Figure 2.4: Optical pumped laser diagram [24]. 
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Optical pumped lasers, shown in figure 2.4, consists of a THz laser cell, 
containing a low-pressure molecular gas, which is pumped by a grating tuned CO2 
laser [24]. With this method, THz radiation with output power from milliwatts to 
hundreds of milliwatts can be achieved [25].   
The quantum cascade laser (QCL) is an electrically pump laser and the active 
region contains repeated a multi-quantum well region where the barriers and wells are 
identical.  Whereas a standard semiconductor laser operates from inter-band 
transitions from the conduction band to the valence band, the lasing transitions in a 
QCL are between the conduction band sub bands formed within the multi-quantum 
well structure. The achievable output power from a QCL is in region of hundreds of 
milliwatts [26]. 
 
Backward Wave Oscillators 
 
Figure 2.5: Backward Wave Oscillators [27]. 
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 Backward Wave Oscillators (BWOs), shown in Figure 2.5, also known as 
carcinotrons, are slow wave devices where the energy from an electron beam 
travelling through a slow wave structure in an axial magnetic field interacts with the 
first spatial harmonic of the backward wave. The electron beam accelerating potential 
can be used to control the output frequency. In order to extend their frequency range, 
the output from BWOs can be coupled to non-linear passive or active devices, which 
multiply the output frequency [27]. 
 
Transistor Based Oscillators 
 
 
Figure 2.6: HEMT as THz Emitter [28]. 
 
 Figure 2.6 shows the sub-THz generation setup using High Electron Mobility 
Transistor [HEMT]. Suemitsu et al, [28] have developed a sub-THz emitter which 
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converts energy from an infra-red laser operating at 1.5 ȝm to radiation between 0.5ದ
0.65 THz using a ಫdouble deckಬ high electron mobility transistor (HEMT). The upper 
deck HEMT works as a grating antenna where it can radiate the THz radiation by 
converting the non-radiative plasmonic wave in lower HEMT. 
 
Two terminal solid-state devices 
 Gunn and IMPATT diodes are the traditional ways of generating sub-THz 
radiation. Both diode types are biased to operate in the negative differential resistance 
regions, so a small voltage fluctuation will be amplified with appropriate feedback 
and oscillations will occur. The frequency of operation depends critically on the 
structure and doping levels of the material. A. Reklaitis and L. Reggiani have 
published simulations, which indicate that GaN IMPATT diodes could be useful up 
to 0.7 THz [29].  In late 2005, Talal Al-Attar [30], managed to fabricate and test 
IMPATT diodes using 0.25 ȝm CMOS Technology. Their design is illustrated in 
Figure 2.7. 
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Figure 2.7: IMPATT diode in CMOS process [30]. 
 
Frequency multipliers 
     The frequency of the sub-THz emitters from any of the above sources, especially 
the IMPATT, Gunn and BWO, can be increased by coupling the radiation into a non-
linear device such as Schottky diode. In principle frequency multiplication is a 
promising method of generating THz, however, there are drawbacks: the output 
power will reduce after each multiplication stage and so the output power is limited 
by the source power and thermal power capacity of the multiplier. 
 
2.2 Detection of sub-THz radiation 
 Since the emitted powers of sub-THz signal are weak, detection of THz 
signals is difficult. The performance for each detector is measured via responsivity 
and sensitivity. Responsivity relates the output signal of the detector to the incident 
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power. Therefore, the more responsivity a detector has, the greater the output for a 
given incident power. Sensitivity of a detector refers as the minimum incident power, 
which can be detected and is closely related to the output noise of a device. Signal-
Noise-Ratio (SNR) plays an important role for the detector since the higher the SNR, 
the better the detector would be. 
          There are three different approaches to sub-THz detection. Firstly, for detection 
of ultra-short pulses, it can be done using two methods; photoconductive sampling 
using photoconductive antenna as shown in section 2.1, and the other one by using 
Free-Space-Electro-Optic-Sampling (FS-EOS). FS-EOS detects the polarization 
change of the probe beam induced by THz electric field through the Electro-Optic (E-
O) effect in the sensor crystal. Since the E-O effect is almost instantaneous on the 
THz time scale, especially in compound semiconductors, FS-EOS gives a signal 
directly proportional to the THz electric field [31].  Figure 2.8 shows an example of 
FS-EOS THz detector.  
 
Figure 2.8: Setup for FS-EOS THz waves detector [31]. 
The second types of sub-THz detection are by mixing and down conversion of 
two signals, the incoming THz radiation and a local oscillator (LO) signal as shown 
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in Figure 2.9. The LO has a different frequency but with a fixed output power which 
is much greater than the power of the incoming signal. The frequency is proportional 
to the difference between the frequencies of the incoming THz signal and the LO; the 
frequency of the output signal is called intermediate frequency (IF).  
 
Figure 2.9:  Schematic diagram for heterodyne receiver technique [32]. 
 
Some other devices with this type of detection are Schottky diodes [33], High 
Electron Mobility Transistors (HEMTs) [34], and Metal Oxide Semiconductor Field 
Effect Transistors (MOSFETs) [35]. The detection mechanism is directly related to 
the mixing process. 
The third approach to detecting sub-THz signals is by direct detection, where 
the THz signal is directly detected through the interaction with the physical properties 
of the devices. Bolometers and microbolometers [36], Superconducting Tunneling 
Juctions (STJ) [37], Golay cells and pyroelectric devices [38] are the examples of 
direct detection.   
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Figure 2.10: Schematic diagram for THz measurement using TFC and bolometer 
[39]. 
 
Figure 2.10 shows a schematic diagram of the THz measurement based on 
Terahertz Frequency Comb (TFC) and bolometer. The resistance of the bolometer is a 
function of temperature. The detector works by using the absorption of THz radiation 
increasing WKHERORPHWHU¶VWHPSHUDWXUHDQGKHQFHUHVLVWDQFH These devices operate at 
cryogenic temperatures (~4 K and below), and are very sensitive but in terms of time 
response, they are very slow. Another approach for THz detection is by using 
Superconducting Tunnel Junctions (STJ), which relies on photon-assisted tunnelling 
process that operates at cryogenic temperatures [40].                
 For commercial THz detection, room temperature operation is required. Golay 
cells operate at ambient temperature but again rely on the change of temperature 
when THz radiation is absorbed. This time it is the gas in a gas cell. As the 
temperature increases, the gas pressure increases and distorts a mirror, which is 
detected optically. Again Golay cells suffer from a poor time response. 
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Figure 2.11: Setup for pyroelectric detector [41]. 
 
 Pyroelectric devices operate in the same way but the physics is different as 
shown in Figure 2.11. The temperature is detected by either small voltage changes 
across the device or by current flow to equalising changes in the pyroelectric charge. 
In terms of response time, pyroelectric devices are better than other detectors but it is 
still in the order of milliseconds, but the drawback is that the pyroelectric detector is 
less responsive compared to bolometer and Golay cells. 
 An example of a semiconductor THz detector is Schottky diode where it 
responds to THz radiation due to rectification of the incident radiation. R. Han et. al 
reported that they had fabricated Schottky diodes in 0.13 µm CMOS process and 
characterized them in terms of photo detecting where the radiation power that had 
been measured was 28 mW [42]. 
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Figure 2.12: (a) Sub-THz detection using HEMT (b) Experimental setup for sub-               
THz detection [43]. 
 
Figure 2.12 shows a generic experimental setup for detecting sub-THz 
radiation. Sub-THz detectors using plasma waves in FETs was originally proposed by 
M. S. Shur et. al [43] where the detection of terahertz is caused by the nonlinear 
properties of the transistor channel where the incoming signal will lead to 
rectification of an ac current induced by the THz radiation. Hence, the photoresponse 
will appear in the form of DC voltage between source and drain. This phenomenon is 
based on µshallow water analogy¶ for ballistic transport of electrons in short channel 
(FET), as the gate of the transistor decreasing, this FETs channel behaves as a 
resonator at Terahertz frequencies [43].  
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2.3 Generation and detection of sub-THz in University of Nottingham 
 The previous sections have outlined the state of the art for sub-THz generation 
and detection. The objective of the research in University of Nottingham was to 
fabricate sub-THz generators and detectors using standard CMOS technology. The 
sub-THz generator was based on IMPATT diode and for the THz detector, the plasma 
wave detector was used. Each of the devices is explained in individual chapters in this 
thesis. The aim of this research is to investigate the generation and detection of sub-
THz devices especially in IMPATT diodes and FETs as sub-THz generator and 
detector. 
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&KDSWHU 
6XE-7HUDKHUW]*HQHUDWRU 
,PSDFW$YDODQFKH7UDQVLW7LPH,03$77GLRGH 
 ,QWURGXFWLRQ
7ZR WHUPLQDO GHYLFHV DUH VWLOO WKH IDYRXULWH FKRLFH IRU WKH JHQHUDWLRQ RI
PLOOLPHWUHZDYHDQGVXE-7+]VLJQDOV2QHRIWKHPRVWSRZHUIXOVXE-7+]VRXUFHVDUH
,03$77 GLRGHV ,03$77 VWDQGV IRU 
,PSDFW ,RQL]DWLRQ $YDODQFKH 7UDQVLW 7LPH RU
µ,03$77¶IRUVKRUW7KLVGLRGHDFWVDVDVLJQDOJHQHUDWRUZLWKDQRSHUDWLQJIUHTXHQF\
UDQJHIURP±*+],03$77GLRGHVHPSOR\ERWKLPSDFWLRQL]DWLRQDQGWUDQVLW-
WLPHHIIHFWVWRJLYHQHJDWLYHUHVLVWDQFHDWPLFURZDYHIUHTXHQFLHV7KHRVFLOODWLRQRI
PLFURZDYHLQDQ,03$77GLRGHZDVGLVFRYHUHGLQE\-RKQVWRQ'H/RDFKDQG
&RKHQ>@EXWWKHWKHRU\ZDVRULJLQDOO\GHYHORSHGLQE\5HDG>@6LQFHWKHQ
VHYHUDORIWKHVWUXFWXUHVRI5HDG0LFURZDYH$YDODQFKH'LRGH>@RU,03$77KDYH
EHHQUHSRUWHGPHVDSODQDUGLVWULEXWHGDQGODWHUDO>@,QHDUO\ZRUNVRQ,03$77
GLRGHV WKHUH ZDV D SUREOHP LQ WHUPV RI SRZHU GLVVLSDWLRQ ZKHUH UHVHDUFKHUV
PDQDJHGWRUHVROYHWKHSUREOHPE\PRXQWHGWKHGLRGHVRQVSHFLDOGLDPRQGRUFRSSHU
KHDWVLQN>-@/DWHURQ&-6FKRHOOKRUQHWDOSURSRVHGDS-QQVWDFNZLWKQ-
GRSHG DYDODQFKH DQG GULIW UHJLRQV 7KH VWUXFWXUH ZDV JURZQ XVLQJ PROHFXODU EHDP
HSLWD[\0%(>@5HFHQWZRUNVVXJJHVW,03$77GLRGHVFDQEHIDEULFDWHGXVLQJ
VWDQGDUG&026SURFHVVWHFKQRORJ\>-@7KHDGYDQWDJHVRI ,03$77GLRGHVDUH
WKHLUVPDOOVL]HDQGOLJKWZHLJKWFRPSDUHGWRRWKHUVXE-7+]VRXUFHV 
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+RZHYHU WKH QRLVH RI ,03$77 GLRGHV LV KLJK DQG WKH\ DUH VHQVLWLYH WR
RSHUDWLQJ FRQGLWLRQV 7KH GHVLJQ RI WKH ELDVLQJ QHWZRUN LV FULWLFDO WR DYRLG GHYLFH
EORZLQJRXW7KHVHGLRGHVDUHXVHGLQPDQ\DSSOLFDWLRQVVXFKDVLQDXWRPRWLYHUDGDU
FRPPXQLFDWLRQVDQGVHFXULW\ 
 7KH,03$77GLRGHLVHVVHQWLDOO\DS -Q -Q MXQFWLRQRSHUDWLQJXQGHUKLJK
UHYHUVHELDVVRWKDWDYDODQFKHRFFXUV7KHGHSOHWLRQUHJLRQFDQEHEURNHQGRZQLQWR
WZR UHJLRQV WKH DYDODQFKH UHJLRQ ZKHUH FDUULHU PXOWLSOLFDWLRQ RFFXUV DQG WKH GULIW
UHJLRQ ZKHUH WKH FDUULHUV PRYH WKURXJK WKH GHSOHWLRQ UHJLRQ )LJXUH  VKRZV D
VLQJOHGULIW,03$77GLRGH 
 
 
Figure 3.1: Single Drift IMPATT diode. 
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7KHDYDODQFKHUHJLRQLVWKHUHJLRQZKHUHWKHGLRGHDFWVDVWKHVRXUFHZKHUH
WKH LPSDFW PXOWLSOLFDWLRQ RFFXUV LV UHVWULFWHG WR D YHU\ QDUURZ UHJLRQ FORVH WR
PHWDOOXUJLFDOMXQFWLRQ7KHLRQL]DWLRQUDWHVDUHYHU\VHQVLWLYHWRWKHPDJQLWXGHRIWKH
ILHOG,QVLOLFRQHOHFWURQLRQL]DWLRQUDWHĮQLVODUJHUWKDQKROHVLRQL]DWLRQUDWHVĮS
>@ ,Q RWKHU VHPLFRQGXFWRUV WKH LRQL]DWLRQ UDWHV IRU HOHFWURQV DQG KROHV DUH WKH
VDPH $V WKH ILHOG LQFUHDVHV DERYH  9FP WKH LPSDFW LRQL]DWLRQ RFFXUV DQG
HOHFWURQV PRYLQJ LQWR GHSOHWLRQ UHJLRQ KDYH VXIILFLHQW HQHUJ\ WR H[FLWH DQ HOHFWURQ
IURP WKH YDODQFH EDQG WR WKH FRQGXFWLRQ EDQG 7KLV SURFHVV LV FDOOHG $YDODQFKH
PXOWLSOLFDWLRQ 
 7KH GULIW UHJLRQ LV WKH GHSOHWLRQ OD\HU ZKHUH LW H[FOXGHV WKH DYDODQFKH
UHJLRQ WKH LPSRUWDQW WKLQJ LQ WKLV UHJLRQ LV FDUULHU GULIW YHORFLW\ 0LQLPXP FDUULHU
WUDQVLW-WLPHDFURVVWKHGULIWUHJLRQFDQEHREWDLQHGE\LQFUHDVLQJWKHHOHFWULFILHOGVR
WKDWWKHFDUULHUVJHQHUDWHGFDQWUDYHODWWKHLUFRQVWDQWYHORFLWLHVȣGIRUWKHVLOLFRQLV
DERYH[FPV7KHILHOGDFURVVWKHGULIWUHJLRQLVDERYHN9FP>@:KHQWKH
HOHFWULF ILHOG UHDFKHV PD[LPXP WKH JHQHUDWHG FDUULHUV ZLWK VDWXUDWLRQ YHORFLW\ ZLOO
WUDYHOWKURXJKWKHGULIWUHJLRQZLWKPLQLPXPWUDQVLWWLPH>@ 
 
 ,03$77GLRGH3ULQFLSOHRI2SHUDWLRQ 
 7KH ,03$77 GLRGHV LQ &026 SURFHVV FRQVLVW RI  SDUWV S - Q - Q
:KHQHYHUWKHGLRGHLVVXSSOLHGZLWKUHYHUVHELDVYROWDJHDYHU\KLJKHOHFWULFDOILHOG
ZLOORFFXUEHWZHHQS-Q$VDUHVXOWDWKLQOD\HURIDYDODQFKHUHJLRQZLOORFFXUDV
VKRZQLQILJXUHE$WWKLVPRPHQWDYDODQFKHPXOWLSOLFDWLRQSURFHVVEHJLQVZLWK
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JHQHUDWLQJ KROHV-HOHFWURQV SDLUV 7KHQ WKH JHQHUDWHG KROHV ZLOO EH TXLFNO\ ZLOO EH
DWWUDFWHG WR S ZKLOH JHQHUDWHG HOHFWURQV ZLOO EH DWWUDFWHG WR Q E\ SDVVLQJ WKURXJK
GULIWUHJLRQ7KLVSURFHVVZLOOSURGXFHH[WHUQDOSRZHU 
 :KHQHYHU WKH HOHFWULF ILHOG LV ORZ WKH DYHUDJH GULIW YHORFLW\ LV GLUHFWO\
SURSRUWLRQDOWRWKHILHOG$VWKHHOHFWULFILHOGLQWKLVUHJLRQNHHSLQFUHDVLQJXQWLOWKH
ILHOG LVKLJKHQRXJK WKHJHQHUDWHGFDUULHUVZLOO WUDYHO ZLWKDYHU\PLQLPXP WUDQVLW
WLPHWKURXJKWKHGULIWUHJLRQZLWKVDWXUDWLRQYHORFLW\ȣV>@- 
ȣ6 ,ȡ$    
 
ZKHUH , LV VSDFH FKDUJH FXUUHQW ȡ LV WKH FDUULHU FKDUJH GHQVLW\ DQG $ LV WKH GLRGH
DUHD 
 7KH WRWDO ILHOG DFURVV WKH GLRGH LV WKH VXP RI WKH GF ILHOG DQG DF ILHOGV
'XULQJ WKH SRVLWLYH KDOI RI WKH DF YROWDJH F\FOH JLYHQ WR WKH GLRGH WKH EUHDNGRZQ
YROWDJHRFFXUVFDXVHGE\WKHWRWDOILHOGDFURVVWKHSQ-ZHOOMXQFWLRQ:KHQWKHILHOG
LVDERYHWKHEUHDNGRZQYROWDJHDWWKHSQ-ZHOOMXQFWLRQWKHFDUULHUFXUUHQW,RWZLOO
EHJHQHUDWHGE\WKHDYDODQFKHPXOWLSOLFDWLRQZKHUHLWJURZVH[SRQHQWLDOO\ZLWKWLPH
DVVHHQLQILJXUHG$VIRUWKHQHJDWLYHKDOIF\FOHZKHQWKHILHOGLVEHORZWKH
EUHDNGRZQ YROWDJH WKH FDUULHU FXUUHQW ,RW ZLOO GHFUHDVH H[SRQHQWLDOO\ WR D VPDOO
VWHDG\VWDWHOHYHO7KHFDUULHUFXUUHQW,RWZLOOIRUPDVKRUWSXOVHLQWHUPRIWLPH 
7KH FDUULHU FXUUHQW ,RW ZLOO UHDFK WKH SHDN YDOXH DW WKH PLGGOH RI WKH DF
YROWDJH F\FOH RURQHTXDUWHURI D F\FOH DIWHU WKHYROWDJH$V WKHHOHFWURQV IORZV LQ
VSDFH-FKDUJH UHJLRQV WKH JHQHUDWHG KROHV DUH LQMHFWHG LQWR WKH VSDFH-FKDUJH UHJLRQ
DQGWRZDUGVQUHJLRQ:KHQWKHLQMHFWHGKROHVWUDYHUVHWKHGULIWUHJLRQWKH\LQGXFHD
FXUUHQW ,HW LQ WKH H[WHUQDO FLUFXLW 7KH GULIW YHORFLW\ IRU WKH KROHV LQWR WKH VSDFH-
  
23 
FKDUJH UHJLRQ LV FRQVWDQW WKH LQGXFHG FXUUHQW ,HW LQ WKH H[WHUQDO FLUFXLW LV VLPSO\
HTXDOWR>@- 
  
  ZKHUH 
   4 WRWDOFKDUJHRIWKHPRYLQJKROHV 
   ڶG KROHGULIWYHORFLW\ 
   / OHQJWKRIWKHGULIWUHJLRQ 
 
$QDO\VLVRI WKH ,03$77GLRGHVKRZV WKDW WKH LQGXFHGFXUUHQW ,HW IURP WKH
VPDOO VLJQDO DQDO\VLV WKDW KDG EHHQ GRQH E\ 5HDG >@ JLYHV WKH H[SUHVVLRQ IRU
UHVLVWDQFHRIWKHGLRGH- 
 

 
ZKHUH:LVWKHGHSOHWLRQZLGWK$LVWKHGLRGHDUHD LVWKHGLHOHFWULFSHUPLWWLYLW\ 
WKHWUDQVLWDQJOHDQG LVWKHDYDODQFKHUHVRQDQWIUHTXHQF\WKDWJLYHQE\>@- 

2 ' s o
r
s
JD XZ H 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Figure 3.2:  ,03$77VWUXFWXUHILHOGGLVWULEXWLRQ$&YROWDJHDQGFXUUHQW>@ 
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ZKHUH 'D LV WKH GHULYDWLYH RI WKH LRQL]DWLRQ UDWH EDVHG RQ HOHFWULF ILHOG DQG oJ '&
FXUUHQW GHQVLW\ $V ZH FDQ VHH IURP HTXDWLRQ  WKH UHVLVWDQFH FDQ RQO\ EH
QHJDWLYHZKHQZ ! rZ  
1HJDWLYHUHVLVWDQFHRFFXUVLQDQ,03$77GLRGHE\WZRIROORZLQJHIIHFWVWKH
LPSDFW LRQL]DWLRQ DYDODQFKH HIIHFW ZKHUH LW FDXVHV WKH FDUULHU FXUUHQW DQG WKH DF
YROWDJH WR EH RXW RI SKDVH E\  GHJUHH DQG WKH WUDQVLW WLPH HIIHFW ZKLFK JLYHV
DQRWKHUGHOD\IRUH[WHUQDOFXUUHQWVDQGWKHDFYROWDJHWREHRXWRISKDVHE\GHJUHH
7KLVZLOOJLYH-GHJUHHSKDVHGLIIHUHQFHEHWZHHQYROWDJHDQGFXUUHQWDQGZLOOEH
UHVXOWLQJ QHJDWLYH UHVLVWDQFH >@ 1HJDWLYH UHVLVWDQFH LV DOVR UHODWHG WR DYDODQFKH
IUHTXHQF\ ZKHUH WKH UHODWLRQ EHWZHHQ DYDODQFKH IUHTXHQF\ DQG FXUUHQW GHQVLW\ LV
JLYHQE\6FKRHOOKRUQ>@- 
ᐦߙඥܬ 
ZKHUHᐦLVWKHDYDODQFKHIUHTXHQF\DQGܬLVFXUUHQWGHQVLW\ 
,QWHUPVRIHIILFLHQF\IRUDQLGHDO,03$77GLRGHWKHUDWLRRI$&YROWDJHWR
DSSOLHGYROWDJHLVZKLOHWKHUDWLRRI$&DQG'&FXUUHQWLVDERXWʌDERXWPRUH
WKDQ  %XW XQIRUWXQDWHO\ LQ UHDOLW\ WKH HIILFLHQF\ RI ,03$77 GLRGH LV XVXDOO\
EHORZEHFDXVHRIWKHIROORZLQJHIIHFWVKLJKIUHTXHQF\VNLQHIIHFWVSDFHFKDUJH
HIIHFWUHVHUYH-VDWXUDWLRQ-FXUUHQWHIIHFWDQGLRQL]DWLRQ-VDWXUDWLRQHIIHFW>@ 
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3.2  Design methodology 
3.2.1 Design process for IMPATT diode 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                 No 
  
                                                              No                       
                                                               
 
Figure 3.3: Process of designing IMPATT diodes.  
 
Start 
Estimate the frequency 
¦ ȣ6'5 
where; 
         ȣs= Carrier velocity 
         DR=Drift region 
Estimate: -  
1. Diode capacitance 
2. Junction capacitance 
3. Diode width 
4. Length 
From the estimation, get the value 
of:- 
1. Negative resistance  
2. Diode impedance 
DRC and 
LVS check 
Design IMPATT diode 
in AMS 0.35 CMOS 
process technology  
Send for fabrication 
  
27 
Based on the flowchart in figure 3.3, the design on IMPATT diode will be 
explained in this section. In designing on the IMPATT diode, the design/target 
frequency should be achievable with the CMOS process technology. Our objective 
was to investigate and design an IMPATT diode using the C35 CMOS process. The 
depletion width can be estimated by fixing the frequency at 30 GHz based on 
equation below [55]:- 
¦ ȣ6'5     
 
where ¦is the avalanche frequency, ȣ6is silicon carrier velocity and '5is the distance 
of the drift region  where we estimated the distance between p+ and n+ as 1.667 Ɋm. 
Then, using the negative resistance for IMPATT diode equation as shown in equation 
3.2, we simulated equation (3.6) and the results are shown in Figure 3.5. 
 
Figure 3.4: Negative resistance in IMPATT operation. 
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By using ADS2006A, the estimation for the negative resistance at 30 GHz is 
about -8.460 x 1053 DVVHHQLQ)LJXUH7KLVVLPXODWLRQUHVXOWVVKRZHGWKDWWKH
IMPATT diode could produce a negative resistance as an effect of impact ionization 
in the avalanche region.  
 Later on, after estimation of the frequency, the design of the diode was 
continued by designing a diode layout using Cadence C35 process. The diode layout 
and diode schematic was designed using Virtuso Cadence with the design kit 
provided by Austria Micro System (AMS) C35 CMOS technology. The designs are 
checked with the Design Rules Check (DRC) and the Layout Versus Schematic 
(LVS) tools in the software. DRC will determine whether the physical layout of a 
particular chip layout satisfies with recommended parameters called design rules. The 
LVS verification is to compare the netlist file from the layouts design with the netlist 
for the schematics. 
 
 
Figure 3.5: Layout for IMPATT diode 120 Ɋm x 50 Ɋm. 
  
29 
 
Figure 3.6: Schematic for a single IMPATT diode.  
 
 From Figure 3.5, the size of the IMPATT diode layout is 120 Ɋm x 50 Ɋm 
where the separation between p+ and n+ was 1.667 Ɋm to get a resonant frequency at 
30 GHz. The schematic of the diode was designed using Virtuso Cadence schematic 
and the process of LVS (Layout versus Schematic) was done to make sure that the 
netlists of the layout and the schematic were the same. If errors appeared, redesigning 
the layout or schematic was done until no errors appeared. Figure 3.6 shows the 
schematic figure for a single IMPATT diode. 
 
Figure 3.7: Cross section for IMPATT diode.  
  
30 
 Figure 3.7 shows the cross section of the IMPATT diode by using AMS 0.35 Ɋm CMOS process. On top of the p+ and n+, there are metal connections to RF 
pads for biasing purposes. Three RF pads were designed to connect and bias the 
diode. The layout of RF pads with IMPATT diode is shown in Figure 3.8 and the 
IMPATT diodes have been integrated with a coplanar waveguide as seen in 
Figure 3.9. 
 
Figure 3.8: Layout for a single IMPATT diode with RF pads (G-S-G). 
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Figure 3.9: IMPATT diode in AMS C35 chip with RF pads (G-S-G). 
 
3.2.2 Calibration and De-Embedding Technique 
A two-step calibration procedure was used to measure the on-wafer S-
Parameters. Firstly, a Short-Open-Load (SOL) calibration using a CS-5 precision 
calibration substrate provided by Picoprobe was done. Then, to remove the effects of 
the pads, a de-embedding technique using open-end and short-circuit de-embedding 
structures [56] was carried out. More information about the de-embedding procedure 
can be found in Appendix.  
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3.3  Experimental Procedure 
3.3.1 Experimental setup 
 The IMPATT diode was fabricated by $06 & &026 WHFKQRORJ\ and 
tested in the RF Engineering Lab at room temperature. The equipment involved 
included the Anritsu Broadband Vector Network Analyser, 100 Ɋm pitches G-S-G RF 
probe test bench, Keithley 236 and 237 programmable voltage source, digital 
multimeter and the Olympus 20x microscope. 
 7KHIDEULFDWHGFKLSZLWK,03$77GLRGHVZDVSODFHGRQWKHWRSRI;<=3UREH
VWDWLRQ VR WKDW WKH 100 Ɋm pitch G-S-G RF probe FRXOGEH HDVLO\SODFHGRQ WR WKH
DSSURSULDWH SDG ZKLFK DOORZHG FRQQHFWLRQV WR WKH VLJQDO DQG JURXQG SDGV 7KH
ELDVLQJ ZDV VXSSOLHG E\ .HLWKOH\ 6RXUFH 0HDVXUHPHQW 8QLW PRGHO QXPEHU 
GLUHFWO\LQWRWKH5)SUREHXVLQJDELDV-77KH6-3DUDPHWHUVZHUHPHDVXUHGE\XVLQJ
WKH VLJQDO 100-ȝP SLWFKHV *-S-G RF probe where the probe was attached to the 
Anritsu Broadband Vector Network Analyser 40 MHz-65 GHz. The experimental 
setup and a picture of the test bench are shown in Figures 3.10 and 3.11. 
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)LJXUH([SHULPHQWDOVHWXSIRU,03$77GLRGH 
 
 
)LJXUH,03$77GLRGHH[SHULPHQWWHVWEHQFK 
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3.3.2  IV and S-Parameter experiment using LabView    
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7KHIORZFKDUWIRU,9FKDUDFWHULVWLFRI,03$77GLRGHLVVKRZQLQ)LJXUH
7KH GHYHORSPHQW RI WKLV SURJUDP ZDV EDVHG RQ /DE9LHZ  >@ ZLWK 1,-86%-
*3,% LQWHUIDFH GHYLFH 7KLV LQWHUIDFH GHYLFH LV XVHG WR FRQQHFW /DE9LHZ ZLWK DOO
LQVWUXPHQWVZLWK*3,% DGGUHVVHV(DFKFRQWUROOHUQHHGV WR LQLWLDOL]HEDVHGRQ WKHLU
*3,% DGGUHVV )RU .HLWKOH\  WKH *3,% ,((( DGGUHVV LV  7KH FXUUHQW DQG
YROWDJHFRPSOLDQFHRI WKH.HLWKOH\ZDVVHW WRSURWHFW WKHGHYLFHIURPRYHUORDGDQG
SRWHQWLDO GHVWUXFWLRQ  7KHQ ,9 GDWD ZDV FDSWXUHG DQG VWRUHG LQVLGH D WDEOH LQ WKH
/DE9LH:SURJUDPXQWLOWKHGDWDFRXQWXSUHDFKHG 
)LJXUHVKRZVWKHPHDVXUHPHQWSURFHGXUHIRU6-3DUDPHWHUPHDVXUHPHQWV
RI ,03$77GLRGHV LQD IORZFKDUW ,Q WKHEHJLQQLQJ WKH.HLWKOH\ZDVVHWXVLQJ
WKH *3,% DGGUHVV 7KHQ WKH YROWDJH DQG FXUUHQW FRPSOLDQFH ZHUH VHW IRU ,03$77
GLRGHSURWHFWLRQ7KHYROWDJHELDVLQJZDVVHWIURP9XSWR-9VLQFHWKH,03$77
GLRGH RSHUDWHV DW QHJDWLYH YROWDJH 2QFH WKH YROWDJH VWHSV ZHUH FKRVHQ WKH 6-
3DUDPHWHU IURP 91$ IURP  0+] WR  *+] ZHUH FDSWXUHG DQG VWRUHG LQ WKH
SURJUDP 7KH SURFHVV ZDV UHSHDWHG XQWLO WKH ,03$77 GLRGH UHDFKHG D UHVRQDQW
IUHTXHQF\DW*+]DQGIRUELDVLQJXSWR-9$OOPHDVXUHPHQWSURFHVVZDVGRQH
 WLPHV VR WKDW WKH GDWD FDSWXUHG ZDV DFFXUDWH /DWHU RQ DIWHU WKH H[SHULPHQWDO
SURFHVVILQLVKHGWKH6-3DUDPHWHUVGDWDZHUHH[WUDFWHGXVLQJ$'6$ 
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3.4  Results and discussion 
3.4.1 DC Characterization  
 
)LJXUH,03$77'LRGH,9FKDUDFWHULVWLF 
  
7KH,9FKDUDFWHULVWLFRIWKHGHYLFHZDVPHDVXUHGEHIRUHWKH5)PHDVXUHPHQWV
ZHUHWDNHQ$W\SLFDO,9FKDUDFWHULVWLFLVVKRZQLQWKHILJXUH,Q,03$77GLRGH
WKHUHYHUVHFXUUHQWRIWKH,9FKDUDFWHULVWLFLVWKHLQWHUHVWLQJSDUWDV,03$77GLRGHLV
RSHUDWLQJLQDYDODQFKHUHJLRQ7KH,03$77GLRGHVWDUWVWREUHDNGRZQDW-9ZLWK-
Q$7KHRSHUDWLRQRI,03$77GLRGHVWDUWHGDIWHUWKHEUHDNGRZQYROWDJH 
 
 
  
38 
3.4.2 RF Characterization 
 
 
Figure 3.15:  IMPATT diode with active area (p+) 12 um x 25 um = 300 um 
 
7KH ,03$77GLRGHVZHUH LQWHJUDWHGZLWKFRSODQDUZDYHJXLGHDVVHHQ LQ)LJXUH
 ZLWK GLRGH DFWLYH DUHDV RI  XP [  XP Coplanar waveguide consists of a 
strip of the metallic film on the surface of a dielectric slab with two ground electrodes 
running adjacent and parallel to the strip [58]. 7KH 5) FKDUDFWHUL]DWLRQ RI WKH
,03$77ZDVGRQHE\XVLQJ6-3DUDPHWHUPHDVXUHPHQWIURP0+]±*+]E\
ELDVLQJDWQHJDWLYHYROWDJHIURP9WR -97KH5)PHDVXUHPHQWVZHUHGLYLGHG
LQWR WZR VHWV RI H[SHULHPHQWV $W ILUVW WKH H[SHULPHQW ZDV ZLWK QR LOOXPLQDWLRQ
ZKHUHWKHH[SHULPHQWZDVSHUIRUPHGLQDGDUNURRPZLWKDOOWKHH[SHULPHQWDOVHWXS
ZDV  LQVLGH WKH EODFN ER[ 'XULQJ WKH VHFRQG H[SHULPHQW WKH ,03$77 GLRGH ZHUH
WHVWHGZLWKLOOXPLQWDLRQZKHUHWKHWHVWEHQFKZDVLQDPELHQWOLJKW7KH6-SDUDPHWHU
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PHDVXUHPHQW UHVXOWV IRU ,03$77 GLRGH DUH VKRZQ LQ )LJXUHV  WR  7KH
PDJQLWXGHDQGSKDVHEHIRUHDQGDIWHUWKHEUHDNGRZQYROWDJHZHUHDQDO\]HG 
 
 5)&KDUDFWHUL]DWLRQIRU,03$77GLRGHZLWKRXWLOOXPLQDWLRQ 
 
)LJXUH,03$77UHVSRQVHZLWKRXWDQ\LOOXPLQDWLRQ 
 )LJXUHVKRZV,03$77UHVSRQVH6GXHWRYROWDJHELDVLQJIURP9XS
WR-9ZLWKRXWLOOXPLQDWLRQFRQGLWLRQ)URPWKHJUDSKDVWKH,03$77ZDVELDVHG
IURP  9 WR - 9 LW FDQ EH VHHQ WKDW EHIRUH WKH GLRGH DFKLHYHG WKH EUHDNGRZQ
YROWDJH QR UHVRQDQW IUHTXHQF\ ZDV REVHUYHG $V WKH YROWDJH ZDV UDLVHG DERYH WKH
EUHDNGZRQYROWDJH DW9  -9  WKH  ,03$77GLRGHVWDUWHGWRRVFLOODWH'XULQJ
RVFLOODWLRQ WKH ILHOG LQ ,03$77 GLRGH LQFUHDVHV DERYH  9FP ZKHUH LPSDFW
LRQL]DWLRQRFFXUV$WWKLVVWDJHHOHFWURQVPRYLQJLQWRGHSOHWLRQUHJLRQKDYHVXIILFLHQW
HQHUJ\WRH[FLWHDQHOHFWURQIURPWKHYDODQFHEDQGWRWKHFRQGXFWLRQEDQG>@ 
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)LJXUH,03$77GLRGHSKDVHGLIIHUHQWZLWKRXWDQ\LOOXPLQDWLRQ 
 
$VWKHELDVLQJWRWKH,03$77GLRGHLQFUHDVLQJWRZDUGVQHJDWLYHYROWDJHWKH
PD[LPXPDYDODQFKHIUHTXHQF\WKDWFDQEHREVHUYHGZDVDW-9IRU*+]
7KH ]HUR GHJUHH SKDVH FURVVLQJ ZDV REVHUYHG ZKHUH WKH IUHTXHQF\ UHIHUUHG WR DV
DYDODQFKH IUHTXHQF\ ¦$ GHYHORSHG DV WKH UHVRQDQFH WRRN SODFH 6KRZLQJ WKH SKDVH
UHODWLRQVKLSZLWKELDVLQJDVVKRZQLQ)LJXUHFDQUHYHDOWKHDYDODQFKHIUHTXHQF\
IRU,03$77GLRGH 
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)LJXUH,03$77QHJDWLYHUHVLVWDQFHZLWKQRLOOXPLQDWLRQ 
 
 )LJXUHVKRZVWKH,03$77GLRGHQHJDWLYHUHVLVWDQFHYHUVXVIUHTXHQF\,W
VKRZV WKDW WKH QHJDWLYH UHVLVWDQFH RFFXUV ZKHQ DYDODQFKH IUHTXHQF\ WRRN SODFH ,Q
WKLVH[SHULPHQWZHFDQREVHUYHWKDW WKHYDOXHIRUWKHQHJDWLYHUHVLVWDQFHLVP
ZKHQWKH,03$77GLRGHZDVELDVHGDW-92QHLPSRUWDQWSRLQWLQKHUHDOWKRXJK
WKH UHVXOW IRU QHJDWLYH UHVLVWDQFH ZDV QRW DFKLHYHG VWLOO WKH DYDODQFKH IUHTXHQF\
RFFXUHGZKHQWKH,03$77GLRGHZDVELDVHGDSSURSULDWHO\ 
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5)&KDUDFWHUL]DWLRQIRU,03$77GLRGHZLWKLOOXPLQDWLRQ 
 
)LJXUH,03$77GLRGHUHVSRQVHZLWKGLIIHUHQWELDVZLWKDQLOOXPLQDWLRQ 
 
 7KHVHFRQGH[SHULPHQWZDVGRQHE\LOOXPLQWDLQJWKH,03$77GLRGHZLWKWKH
ELDVYROWDJH DERYH WKHEUHDNGRZQYROWDJH )URP)LJXUH WKHREVHUYDWLRQZDV
PDGHDERXWWKH,03$77GLRGHUHVSRQVHE\DYDODQFKHIUHTXHQF\DW*+]ZLWK
ELDVDW-9ZLWK-G%:HNQRZWKDWDVWKHELDVLQJLQFUHDVHGWKHFXUUHQW
GHQVLW\ DOVR LQFUHDVHG 7KLV LPSDFWHG WKH ,03$77 UHSRQVH 6 ZKHUH LW DOVR
LQFUHDVHG IURP*+]ZLWKELDVLQJDW -9ZLWK -G% WR*+]
ZLWKELDVLQJDW-9ZLWK-G%DQGLQFUHDVLQJWKHUHVRQDQFHWR*+]
ZLWKELDVLQJDW-9DW-G%7KLVUHVSRQVHZDVGXHWRWKHDYDODQFKHHIIHFW
3UHYLRXVO\ ,03$77 GLRGH RSHUDWLRQ KDG EHHQ REVHUYHG VWDUWLQJ DW - 9 ZLWKRXW
LOOXPLQWDLRQ FRQGLWLRQ ,Q WKLV H[SHULHPHQW ZLWK LOOXPLQDWLRQ WKH ,03$77 GLRGH
UHVRQDQWSHDNZDVREVHUYHGDW-9 
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)LJXUH,03$77SKDVHZLWKGLIIHUHQWELDVZLWKDQLOOXPLQDWLRQ 
  
$VWKHUHVRQDQFHRFFXUHG]HURGHJUHHSKDVHFURVVLQJZDVREVHUYHGDVVKRZQ
LQ )LJXUH  ZKLFK LV UHIHUUHG WR DV DYDODQFKH IUHTXHQF\ ¦$ :KHQ WKH ,03$77
GLRGH ZDV ELDVHG DW - 9 LW ZDV H[SHFWHG WR SURGXFH  SKDVH VKLIW ZLWK
QHJDWLYHUHVLVWDQFHDWWKHDYDODQFKHIUHTXHQF\)URP)LJXUHZLWKELDVLQJVWDUWDW
-9WR-9DQG-9DSKDVHGLIIHUHQFHZDVPHDVXUHG:HNQRZWKDW
DVWKHYROWDJHLQFUHDVHGWKHFXUUHQWDOVRLQFUHDVHGDQGWKLVUHODWHVEDFNWRWKH5HDG
>@ HTXDWLRQ  IURP WKH SUHYLRXV VHFWLRQ ,W FDQ EH VHHQ WKDW E\ LQFUHDVLQJ WKH
FXUUHQW GHQVLWLHV LW DXWRPDWLFDOO\ LQFUHDVHV WKH YROWDJH DQG LW DOVR LQFUHDVHV WKH
DYDODQFKHIUHTXHQF\$VWKHFXUUHQWGHQVLWLHVJHWODUJHULWZLOOLQFUHDVHWKH,03$77
GLRGHVHOI-KHDWLQJDQGVRZLOOLQFUHDVHVLWVWHPSHUDWXUH$VWHPSHUDWXUHLQFUHDVHVWKH
GLRGHDUHDEHFRPHVRYHUKHDWHGDQGDWWKHHQGWKHGLRGHZLOOEHEXUQRXW 
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)LJXUH,03$77GLRGHUHVLVWDQFHZLWKLOOXPLQDWLRQ 
 
 7KHLPSHGDQFHQHJDWLYHUHVLVWDQFHRIWKH,03$77GLRGHZDVQH[WREVHUYHG
)URP)LJXUHWKHUHVLVWDQFHZDVREVHUYHGWREHDERXWPDW*+]ZLWK
ELDVLQJDW-9ZKHQWKHUHVRQDQFHVWDUWHG$VWKHELDVLQJLQFUHDVHGXSWR-9
WKH UHVLVWDQFH ZDV - P DW  *+] 7KLV H[SHULPHQW LV D SURRI WKDW ,03$77
GLRGH FDQ DFKLHYH QHJDWLYH UHVLVWDQFH DOWKRXJK LW KDSSHQHG DIWHU WKH DYDODQFKH
IUHTXHQF\ 
 ,QWKHVHUHVXOWVDUHVRQDQWIUHTXHQF\GLGRFFXUEXWWKHYDOXHRIWKHQHJDWLYH
UHVLVWDQFHZDVWRRVPDOOLQPLOOL2KPV7KHUHDUHVHYHUDOH[SODQDWLRQVZKLFKDUHSXW
IRUZDUG )LUVWO\ WKH WHFKQRORJ\ XVHG WR EXLOG XS WKH ,03$77 GLRGH ZDV WRWDOO\
GLIIHUHQW3UHYLRXVZRUNRQVLOLFRQ,03$77GLRGHZDVGRQHE\WZRGLIIHUHQWJURXSV
ZLWK GLIIHUHQW WHFKQLTXHV &- 6FKRHOOKRUQ HW DO XVLQJ PROHFXODU EHDP HSLWD[\
0%(WHFKQLTXHWRJURZWKKLJKTXDOLW\OD\HURIS-Q-QVWDFNIRUVLQJOH,03$77
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GLRGH >@7DODO$O-$WWDU HW DO EXLOW DQ ,03$77GLRGH LQɊP&026SURFHVV
WHFKQRORJ\ >@ ZKLOH LQ WKHVH H[SHULPHQW WKH $06 & &026 WHFKQRORJ\ ZHUH
EHHQ XVHG $OO WKHVH WHFKQRORJLHV KDYH GLIIHUHQW GRSLQJ SURILOHV DQG MXQFWLRQ
FDSDFLWDQFHV WKDW DIIHFW WKH UHVRQDQFH IUHTXHQF\ DW GLIIHUHQW DYDODQFKH DQG GULIW
UHJLRQVDQGDOVREUHDNGRZQYROWDJHV,Q$06&&026WHFKQRORJ\WKHPLQLPXP
VSDFHEHWZHHQSDQGQWKDWFDQEHDFKLHYHGLQWKLVWHFKQRORJ\LVɊPZKHUHLQ
WKHRU\WKHDYDODQFKHIUHTXHQF\FRXOGEHWUDQVSLUHDW*+] 
 
 &RQFOXVLRQ 
0RQROLWKLFLQWHJUDWHG,03$77GLRGHZDVGHVLJQHGDQGIDEULFDWHGXVLQJ$06
&&026WHFKQRORJ\([SHULPHQWVIRUFKDUDFWHUL]DWLRQRIWKH,03$77GLRGHZHUH
GRQHXVLQJ,9FKDUDFWHULVWLFDQG6-3DUDPHWHUPHDVXUHPHQWWHFKQLTXHV%DVHGRQWKH
PHDVXUHPHQWV WKHDYDODQFKH IUHTXHQF\ IRU WKH ,03$77GLRGHZLWKRXW LOOXPLQDWLRQ
ZHUH REVHUYHG DW  *+] DQG ZLWK LOOXPLQDWLRQ WKH REVHUYDWLRQ ZHUH PDGH DW
*+]*+]DQG*+])XUWKHUDV WKHELDVDUHLQFUHDVHG WKH,03$77
GLRGHEXUQRXW %DVHGRQ WKHH[SHULPHQWDO UHVXOWV LWZDVVKRZQWKDW WKH ,03$77
GLRGHFRXOGEHXVHGDV VXE-7+]VRXUFHVXS WR*+]E\XVLQJ$06&&026
WHFKQRORJ\ 
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&KDSWHU 
6XE-7HUDKHUW]'HWHFWRU 
)LHOG(IIHFW7UDQVLVWRU)(7 
 ,QWURGXFWLRQ 
Terahertz (THz) technology is one of the evolving technologies that will help 
in changing our life. $ ORW RI DSSOLFDWLRQV VXFK DV PHGLFLQH >@ VHFXULW\ >@
DVWURQRP\ >@ ELRORJ\ >@ and non-destructive materials [63] testing have been 
demonstrated recently.7KHGHYHORSPHQWVRIVHQVLWLYHDQGFRPSDFW7+]GHWHFWRUVDUH
LPSRUWDQW IRU WKHVH WHFKQRORJLHVDGYDQFHPHQWHowever, there are a few challenges 
in realization of compact THz detectors because of the frequencies are too high for 
conventional electronics and the photon energies are too small for classical optics. As 
a result, THz radiation is resistant to the techniques commonly employed in these 
well-established neighbouring bands [64] 0DQ\ GLIIHUHQW W\SHV RI 7+] GHWHFWRUV
KDYHEHHQGHYHORSHG VXFKDVERORPHWHUV >@ S\URHOHFWULFGHWHFWRUV >@6FKRWWN\
GLRGH >@ SKRWRFRQGXFWLYH GHWHFWRUV >@ DQG PRVW UHFHQWO\ LV SODVPD ZDYHV
GHWHFWRUVLQ)LHOG(IIHFW7UDQVLVWRUV)(7V>@7KHGHWHFWLRQRI7+]E\)(7VLVRQH
RIWKHSURPLVLQJWHFKQRORJLHVWKDWFDQEHERWKVHOHFWLYHDQGWXQHDEOH>@5HFHQWO\
H[SHULPHQWDOHYLGHQFHRQGHWHFWLRQRI7+]VLJQDOZDVGHPRQVWUDWHG LQ FRPPHUFLDO
$O*D$V*D$V)(7V>@$O*D1*D1+)(7V>@DGRXEOHTXDQWXPZHOO)(7ZLWK
SHULRGLFJUDWLQJJDWH>@DQG026)(7V>@ 
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,Q WKH EHJLQQLQJ RI µV 7+] JHQHUDWLRQ DQG GHWHFWLRQ XVLQJ )(7V ZDV
initiated by Dyakonov and Shur [75] where they predicted that a steady current flow 
in an asymmetric FET channel could lead to instability against spontaneous 
generation of plasma waves. This will lead into producing the emission of 
electromagnetic radiation at the plasma wave frequency. Later on, it was explained in 
[35], that WKHGHWHFWLRQRIWHUDKHUW]UDGLDWLRQLVDUHVXOWRIQRQ-OLQHDUSURSHUWLHVRIWKH
WUDQVLVWRUFKDQQHOE\ UHFWLI\LQJ LQFRPLQJ UDGLDWLRQDQGDs a result, a photoresponse 
appears in the form of dc voltage between source and drain, which is proportional to 
the radiation power (photovoltaic effect). 
,QRUGHUWRXQGHUVWDQGSODVPDZDYHV6KXU>@H[SODLQHGWKDWSODVPDZDYHV
ZDVJHQHUDWHGZLWKLQ WKHGHYLFHFKDQQHO IURPPRGXODWLRQRIHOHFWURQFRQFHQWUDWLRQ
DQGKHQFHSURGXFHGD7+]UHVSRQVH7KHGHFUHDVLQJLQHOHFWURQFRQFHQWUDWLRQPDGH
DQ H[FHVV RI SRVLWLYH FKDUJHV DWWUDFWLQJ HOHFWURQV QHDUE\ 7KHVH HOHFWURQV PRYH
WRZDUGVSRVLWLYHFKDUJHVEXWGXHWRWKHLULQHUWLDWKHVHHOHFWURQVRYHUVKRRWWKHFKDUJH
ORFDWLRQ$VWKHVHHOHFWURQVJRWDWWUDFWHGWRRSSRVLWHGLUHFWLRQDJDLQWKH\PRYHLQDQG
RYHUVKRRWWKHFKDUJHORFDWLRQ7KLVSKHQRPHQRQZLWKRVFLOODWLRQVRIHOHFWURQGHQVLW\
LVFDOOHGSODVPDZDYHV 
7KHSODVPDZDYHVLQJDWHGWZR-'LPHQVLRQDO(OHFWURQ*DV'(*SURSDJDWH
DW PXFK IDVWHU YHORFLW\ UDWKHU WKDQ HOHFWURQ GULIW YHORFLW\ SURSDJDWLRQ KHQFH WKH
UHFWLILFDWLRQE\SODVPDZDYHVFDQEHXVHGDVUDGLDWLRQGHWHFWLRQLQ7+]IUHTXHQFLHV
UHJLRQ$UHVRQDQWFDYLW\E\DJDWHGFKDQQHORID)(7DOORZLQJUHVRQDQWGHWHFWLRQRI
VXE-7+] DQG 7+] UDGLDWLRQ LV GHVFULEHG >@ 6HYHUDO IDFWRUV LQ GHWHUPLQLQJ WKH
UHVRQDQWIUHTXHQFLHVQHHGWREHWDNHQLQWRDFFRXQWVXFKDVHOHFWURQFRQFHQWUDWLRQLQ
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WKHFKDQQHODQGLWV OHQJWK WKHHOHFWURQFRQFHQWUDWLRQDQGJHRPHWULFDOSDUDPHWHUVRI
WKH 9*6 YROWDJH JDWH VRXUFH DQG 9'6 YROWDJH GUDLQ VRXUFH UHJLRQV 7KH JDWH
YROWDJHFKDQJHVWKHHOHFWURQFRQFHQWUDWLRQXQGHUWKHJDWHDQGWKHUHIRUHFDQWXQHWKH
UHVRQDQWSODVPDIUHTXHQFLHV7KH)(7SODVPDIUHTXHQF\FDQUHDFK7+]UDQJHDVWKH
FDUULHUGHQVLWLHVRQ WKHRUGHURIFP-DQGWKHJDWH OHQJWKJRLQJ LQWRVXEPLFURQ
UHJLRQ>@ 
 
 
)LJXUH)UHTXHQFLHVRISODVPDRVFLOODWLRQVȦSYVZDYHYHFWRUN>@ 
 
)LJXUHVKRZVWKHGHSHQGHQFLHVRISODVPDIUHTXHQFLHVLQ'XQJDWHG'
DQGJDWHG'UHJLRQV ,Q WKH ILJXUHDERYHP LV WKHHOHFWURQHIIHFWLYHPDVV ܭ LV WKH
GLHOHFWULF SHUPLWWLYLW\ RI VHPLFRQGXFWRU 1 LV WKH EXON HOHFWURQ FRQFHQWUDWLRQ LQ
DOOR\HGUHJLRQVQLVWKHVKHHWHOHFWURQFRQFHQWUDWLRQIRUFKDQQHOUHJLRQVZKHUHLWLV
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SURSRUWLRQDOWRWKHJDWHYROWDJHELDV 
3ODVPDZDYHVLQ)(7VKDYHDOLQHDUGLVSHUVLRQODZ'LVFRQWLQXLWLHVDWWKHHQG
RIWKH'(*FKDQQHOUHIOHFWWKHZDYHV$WFHUWDLQIUHTXHQFLHVWKHUHIOHFWHGDQGWKH
RULJLQDOZDYHZLOO EH LQSKDVH DQG UHVRQDQFHZLOO RFFXU >@ DV VKRZQ LQHTXDWLRQ
 
Ȧ VN 
ZKHUHV >H9*±97+P@LVWKHSODVPDZDYHYHORFLW\HLVHOHFWURQFKDUJH9*
LVJDWHYROWDJH97+LVWKUHVKROGYROWDJHDQGPLVHOHFWURQHIIHFWLYHPDVV$WDJLYHQ
JDWH OHQJWK /J DFWV DV D UHVRQDQW UHVSRQVH DW SODVPD IUHTXHQFLHV Ȧ1 Ȧ2Q
ZKHUHQ «DQGȦ2LVWKHIXQGDPHQWDOSODVPDIUHTXHQF\DV- 

 
7KLV HTXDWLRQ KDV WZR LPSRUWDQW FRQVHTXHQFHV WKH VXIILFLHQWO\ VKRUW VXEPLFURQ
)(7¶VJDWHOHQJWKZLOOLQFUHDVHSODVPDZDYHUHVRQDQWIUHTXHQF\RIGHWHFWLRQFDQEH
WXQHGDORQJZLWKJDWHYROWDJH>@ 
7KH SODVPD ZDYH UHVRQDQW IUHTXHQF\ DJDLQVW FKDQQHO OHQJWK LV VKRZQ LQ
)LJXUHRQDORJSORW6HYHUDO LQWHUHVWLQJSRLQWV WRQRWH WKHUHVRQDQFHIUHTXHQF\
LQFUHDVHV DV WKH FKDQQHO OHQJWK GHFUHDVHV DQG WKH IUHTXHQF\ IRU *D1DQG *D$V LV
KLJKHUWKDQVLOLFRQ7KLVLVEHFDXVHWKHVDWXUDWHGGULIWYHORFLW\RUPRELOLW\LVKLJKHULQ
WKHVHFRPSRXQGV 
 
0
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)LJXUH3ODVPDZDYHDQGWUDQVLWUHJLPHFRPSDULVRQIRU7+]IUHTXHQF\ 
YVJDWHOHQJWKRIVHYHUDOVHPLFRQGXFWRUPDWHULDOV>@ 
 
3UHYLRXV 7+] GHWHFWLRQ ZRUN XVLQJ +LJK (OHFWURQ 0RELOLW\ 7UDQVLVWRUV
+(07V >@ VKRZHG WKDW D UHVRQDQW GHWHFWLRQ RI 7+] IUHTXHQF\ occurs when a 
constant drain current was applied7KHSODVPDUHOD[DWLRQUDWHLVDIIHFWHGE\WKHGUDLQ
FXUUHQW E\ GULYLQJ WKH WZR-GLPHQVLRQDO SODVPD LQ WKH WUDQVLVWRU FKDQQHO WRZDUGV
SODVPDZDYHLQVWDELOLW\>@7+]GHWHFWLRQE\*D$V$O*D$VKLJKHOHFWURQPRELOLW\
WUDQVLVWRU+(07ZDVUHSRUWHGLQZKHUHUHVHDUFKHUVXVHGDFRPPHUFLDO+(07
)XMLWVX)+5;DVD UHVRQDQW7+]GHWHFWRU >@3-%XUNHHW DO VKRZV WKDW WKH
LPSHGDQFH RI KLJK HOHFWURQ PRELOLW\ WUDQVLVWRUV +(07 H[KLELWV PD[LPD DW WKH
IXQGDPHQWDOSODVPDIUHTXHQF\DQGLWVKDUPRQLFV>@/XHWDOKDYHSURSRVHGDQG
GHPRQVWUDWHG WKDW SKRWRUHVSRQVH ZLOO rise when the drain current is increasing and 
this effect also happens because of the increasing asymmetry in plasma wave.)LJXUH
VKRZVWKHSUHYLRXVZRUNRQWKHGUDLQFXUUHQWHIIHFW>@- 
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)LJXUH3KRWRUHVSRQVHYHUVXVGUDLQFXUUHQW,'6DWGLIIHUHQWJDWHELDVLQJ9*6DW
7+]>@ 
  
Sub-THz detectors based using FET is an interesting topic to be explored 
further.  The key factor for doing this work was to develop a novel THz detection 
design based on interaction with plasma waves by experimenting it using HEMTs and 
also using MOSFETs in CMOS technology. In the Photonic and RF Engineering 
Group (PRFEG), School of Electrical and Electronic Engineering, University of 
Nottingham, opportunities have been taken to explore the FET devices act as sub-
THz detector. Hence, with this motivation the development of sub-THz detector 
board based on commercial HEMT will be designed, fabricated, tested and discussed 
in this chapter. 
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 'HVLJQ0HWKRGRORJ\ 
 'HVLJQDQGH[SHULPHQWDOIORZFKDUWIRU+(07DV6XE-7+]GHWHFWRU 
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Figure 4.4: Process of designing and experimental HEMT.  
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)LJXUHVKRZVIORZFKDUWIRUPDWIRUWKHGHVLJQPHWKRGRORJ\RIDVXE-7+]
GHWHFWRU EDVHG RQ D FRPPHUFLDO +(077KH ILUVW VWDJH LV FKRRVLQJ WKH DSSURSULDWH
GHYLFH3UHYLRXVZRUNXVHGD+(07PDQXIDFWXUHGE\)XMLWVX)+5;DQGWKHGDWD
VKHHWRIWKLVGHYLFHLQGLFDWHVLWKDVDȝPJDWHOHQJWKDQGȝPJDWHZLGWK>@
6LQFHWKHUHDUHDOUHDG\UHSRUWVWKDWWKLVGHYLFHZRUNVDVVXE-7+]GHWHFWRUWKLVZRXOG
EH WKH REYLRXV FKRLFH +RZHYHU LW ZDV QRW SRVVLEOH WR JHW VDPSOHV IURP WKH
PDQXIDFWXUHU DQG WKH 8. VXSSOLHU DV WKH\ ZRXOG RQO\ VHOO ODUJH TXDQWLWLHV RI WKH
GHYLFHDQGVRFKHDSHUDOWHUQDWLYHVZHUHLQYHVWLJDWHG6LQFHWKHPHFKDQLVPSURSRVHG
E\6KXUHWDO>@ZDVXQLYHUVDODQGRQO\UHTXLUHGDGLPHQVLRQDOHOHFWURQJDVDQG
WKH FRXSOLQJ PHFKDQLVP ZDV OLNHO\ WR EH YLD WKH ERQG SDG LW ZDV YHU\ OLNHO\ WKDW
RWKHUFRPPHUFLDO+(07VZRXOGDOVRH[KLELWWKHHIIHFW 
&RQVHTXHQWO\ LW ZDV GHFLGHG WR XVH D +(07 WKDW ZDV IUHHO\ DYDLODEOH DQG
UHODWLYHO\ FKHDS 7KH FKRVHQ GHYLFH $YDJR 7HFKQRORJLHV $7)  +(07 ZDV
FKHDSDQGZDVDVWDQGDUGVWRFNLWHPRIWKHORFDOHOHFWURQLFVGLVWULEXWRU7KHGHYLFHLV
VOLJKWO\ ODUJHU WKDQ WKH )XMLWVX GHYLFH SUHYLRXVO\ XVHG DQG VR WKH UHVSRQVLYLW\ DQG
IUHTXHQF\ GHSHQGHQFH LV H[SHFWHG WR EH VOLJKWO\ GLIIHUHQW IURP WKH SUHYLRXV ZRUN
$FFRUGLQJWRWKH$7)GDWDVKHHW WKHJDWHOHQJWKDQGZLGWKDUHQRPLQDOO\
ȝP DQG  ȝP JDWH UHVSHFWLYHO\ ,Q DGGLWLRQ WKH GDWDVKHHW VWDWHV WKDW WKH W\SLFDO
YDOXHIRU)PD[LV*+]ZKLOVW)7DW*+]>@ 
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 6XE-7+]'HWHFWRUFRQILJXUDWLRQ 
%HIRUHSURFHHGLQJLWLVZRUWKUHFDSSLQJWKHPRGHRIRSHUDWLRQRIWKHGHYLFH
ZKHQLWLVEHLQJXVHGDVDVXE-7+]GHWHFWRU7KHGHYLFHLVELDVHGDWDFRQVWDQWGUDLQ
FXUUHQWDQGWKH7+]VLJQDOLVDSSOLHGWRWKHJDWH7KHQRQ-OLQHDUSURFHVVHVZLWKLQWKH
GHYLFH ZLOO FDXVH WKH '& FXUUHQW WR FKDQJH VOLJKWO\ +RZHYHU PRVW GHWHFWLRQ
WHFKQLTXHVZKHWKHU LW LV ORFN LQGHWHFWRUVXVHG LQSUHYLRXVO\SXEOLVKHGZRUNRU WKH
KLJKLPSHGDQFHDPSOLILHUVXVHGLQWKLVZRUNGHWHFWYROWDJHFKDQJHV 
&RQVHTXHQWO\WKHFKDQJHLQ'&ELDVFXUUHQWLVFRQYHUWHGWRDYROWDJHXVLQJD
VDPSOLQJUHVLVWRU7KLVLVXVXDOO\DFRPELQDWLRQRIWKHGUDLQUHVLVWDQFHLQWKHFLUFXLW
DQGWKHLQWHUQDOLPSHGDQFHRIWKHVRXUFH,IDYROWDJHVRXUFHLVXVHGWRELDVWKHGUDLQ
WKH LQWHUQDO UHVLVWDQFHRI WKHVRXUFHZLOOEHYHU\VPDOODQG WKHVHQVLQJUHVLVWDQFH LV
HIIHFWLYH WKH YDOXH RI WKH GUDLQ UHVLVWRU 2Q WKH RWKHU-KDQG LI D FRQVWDQW FXUUHQW
VRXUFH LVXVHG WKHQ LQWHUQDO UHVLVWDQFHRI WKHVRXUFH LVVLJQLILFDQWO\KLJKHU WKDQ WKH
GUDLQ UHVLVWDQFH RI WKH FLUFXLW DQG VR WKH VHQVLQJ UHVLVWDQFH LV DSSUR[LPDWHO\ WKH
LQWHUQDOUHVLVWDQFHRIWKHVRXUFH,QSUHYLRXVZRUNDYROWDJHVRXUFHZDVXVHGWRELDV
WKHGHYLFHDQGVRVLPXODWLRQVZHUHSHUIRUPHGXVLQJDYROWDJHVRXUFHEXWLQRXURZQ
FRQILJXUDWLRQZHXVHGDFRQVWDQWFXUUHQWVRXUFH 
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 +DUPRQLF%DODQFH$QDO\VLV 
$VVWDWHGWKHSUHYLRXVVHFWLRQWKHSODVPDUHVRQDQFHHIIHFWLVQRWLQFOXGHGLQ
WKH VSLFHPRGHORI WKHGHYLFH DQG LW LV LPSRUWDQW WR LQYHVWLJDWHZKHWKHU SDUDPHWULF
GRZQFRQYHUVLRQFDXVHGE\WKHQRQ-OLQHDUJDWH-FDSDFLWDQFHFDQH[SODLQWKHGHWHFWLRQ
RIVXE7+]UDGLDWLRQ+DUPRQLF%DODQFHDQDO\VLV+%LVDQH[WHQVLRQRI$&VSLFH
DQDO\VLV WKDW DOORZV QRQ-OLQHDU HIIHFWV WR EH PRGHOHG ,Q UHDOLW\ WKH QRQ-OLQHDU
HOHPHQWVRI D FLUFXLW RU GHYLFH ZLOO SURGXFHDQ LQILQLWHQXPEHURIPL[LQJSURGXFWV
DQGDIXOOVLPXODWLRQZRXOGUHTXLUHWKHWUDFNLQJRIWKHUHODWLYHPDJQLWXGHVDQGSKDVHV
RIHDFKRIWKHVHPL[LQJSURGXFWV+RZHYHUWKHPDMRULW\RIWKHPL[LQJSURGXFWVDUH
YHU\ VPDOO &RQVHTXHQWO\ WKHVH SURGXFWV DQG WKHLU LQWHUDFWLRQ RI WKHVH SURGXFWV
ZLWKLQWKHFLUFXLWFDQEHQHJOHFWHGZLWKRXWKDYLQJDVLJQLILFDQWLPSDFWWKHHVWLPDWLRQ
RIFLUFXLWSHUIRUPDQFH>@ 
 7KH+%DQDO\VLVSURYLGHGE\WKH$JLOHQW$'6VLPXODWLRQVXLWHDOORZVVLQJOH
RU PXOWLSOH LQSXW IUHTXHQFLHV VLPXODWLRQ DQG DOORZV WKH FDOFXODWLRQ RI WKH
LQWHUPRGXODWLRQ IUHTXHQFLHV KDUPRQLFV DQG IUHTXHQF\ FRQYHUVLRQ EHWZHHQ WKH
GLIIHUHQWKDUPRQLFV7KLVDQDO\VLVZLOOSURGXFHQRWRQO\WKHKDUPRQLFVLWVHOIEXWHDFK
VLJQDO VRXUFH FDQ DOVR SURGXFH KDUPRQLFV RU VPDOO VLJQDO VLGHEDQGV 7KH GHYLFH
PRGHOXVHGLQWKHVLPXODWLRQZDVWKHVSLFHPRGHOIRU$7)-SURYLGHGE\$YDJR
7HFKQRORJLHV ZLWK  ȝP JDWH OHQJWK DQG  ȝP JDWH ZLGWK DQG LQFOXGHV DOO WKH
SDFNDJLQJSDUDVLWLFHOHPHQWV7KHPRGHOLVVKRZQLQILJXUH 
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)LJXUH$'6PRGHOIRU$7)- 
 
3ULRU WR UXQQLQJ WKH +% DQDO\VLV '& VLPXODWLRQV ZHUH SHUIRUPHG WR
GHWHUPLQHWKHRSHUDWLQJSRLQWRIWKHGHYLFHDQGWRFRQILUPWKDWWKHVSLFHSDUDPHWHUV
DUH FRQVLVWHQW ZLWK WKH GHYLFH GDWDVKHHWV )LJXUH  VKRZV WKH ,9 FKDUDFWHULVWLF
PHDVXUHPHQWFRQILJXUDWLRQ)LJXUHVKRZV WKH ,'YV9'6FKDUDFWHULVWLFDQG ,'YV
9*6 FKDUDFWHULVWLF RI WKH $7) GHYLFH 7KH LPSRUWDQW SDUDPHWHU IURP WKH
GLDJUDPLVWKUHVKROGYROWDJH97+ZKLFKLVHTXDOWR-9ZKLFKDVH[SHFWHGLVWKH
W\SLFDOYDOXHLQWKHGDWDVKHHW7KHWKUHVKROGYROWDJHIRUDUHDOGHYLFHLVOLNHO\WREH
GLIIHUHQWIURPWKHW\SLFDOYDOXHEHFDXVHRISURFHVVYDULDWLRQ 
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)LJXUH$7),9FKDUDFWHULVWLFFLUFXLW 
 
)LJXUH$7),9&KDUDFWHULVWLF 
$V VWDWHG SUHYLRXVO\ +% DQDO\VLV ZLOO DOORZ XV WR GHWHUPLQH ZKHWKHU WKH
GHWHFWLRQ FDQ EH H[SODLQHG XVLQJ FXUUHQW PRGHOV ,Q ILJXUH  WKH$'6 VFKHPDWLF
XVHGIRU+%DQDO\VLVLVSUHVHQWHG$OWKRXJKLQSUDFWLFHZHZLOOEHXVLQJWKHGHYLFHWR
GHWHFWRQHVLQJOHVXE7+]VLJQDO WZRIUHTXHQFLHVFORVH WRJHWKHUKDYHEHHQXVHG LQ
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WKHVLPXODWLRQ 
 
 
 
 
 
 
 
 
 
 
)LJXUH+%DQDO\VLVFLUFXLWXVLQJ+(07$7)- 
 
7KLVDOORZVWKHEHDWLQJRIWKHVLJQDOVWRSURGXFHDTXDVL'&YDOXHWKDWFDQEHHDVLO\
H[WUDFWHG IURP WKH VLPXODWLRQ GDWD ,I D VLQJOH IUHTXHQF\ ZDV XVHG WKH VHOI-PL[LQJ
ZRXOGUHVXOWLQFKDQJHVWRWKH'&YDOXHDQGWKHVLPXODWLRQGDWDZRXOGEHORVWLQWKH
VLPXODWLRQQRLVHFDXVHGE\URXQGLQJHUURUVDQGLWHUDWLRQWROHUDQFHV,QWKHVFKHPDWLF
WKH +% FRPSRQHQW WHOOV WKH $'6 VLPXODWRU WKDW +% DQDO\VLV LV UHTXLUHG DQG WKH
YDOXHV RI WKH FRPSRQHQW DUH LPSRUWDQW VLPXODWLRQ SDUDPHWHUV 7KH 0D[ 2UGHU
SDUDPHWHU LQGLFDWHV WKH KLJKHVW QRQ-OLQHDULW\ XVHG LQ WKH FDOFXODWLRQ RI WKH PL[LQJ
SURGXFWV 7KH IUHTXHQF\ SDUDPHWHUV LQIRUPV WKH VLPXODWRU RI WKH LQSXW IUHTXHQFLHV
ZKLOVWWKHRUGHUSDUDPHWHUVLQGLFDWHVZKLFKRUGHUVRIWKHIXQGDPHQWDOIUHTXHQFLHVWR
XVHLQWKHVLPXODWLRQ7KHILQDOSDUDPHWHULQGLFDWHVWKHRWKHURXWSXWQRGHV7KHLQSXW
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WRWKHFLUFXLWLVWKH3BQWRQHFRPSRQHQW7KLVDOORZVPXOWLSOHIUHTXHQFLHVWREHIHHG
LQWRWKHFLUFXLWXVLQJDVRXUFHRIRXWSXWLPSHGDQFH2KPV7KHSRZHURIHDFKRI
WKH VLJQDOV ZDV - G%P $V GLVFXVVHG DERYH WZR IUHTXHQFLHV DUH XVHG ZLWK D
VHSDUDWLRQ RI WKH  +] &RQVHTXHQWO\ WKH IUHTXHQF\ ZKLFK UHSUHVHQWV WKHGRZQ-
FRQYHUVLRQRI WKHVXE-7+]UDGLDWLRQLV+]7KHDYHUDJHIUHTXHQF\LV*+]
ZKLFK ZDV FKRVHQ EHFDXVH LW LV LQ WKH UDQJH RI RQH RI WKH 91$ H[WHQGHUV  7KH
3DUDPHWHUVZHHSFRPSRQHQWVDOORZWKHVZHHSLQJRIRQHRIWKHFLUFXLWSDUDPHWHUVVR
WKDW GRZQ FRQYHUVLRQ UHVSRQVLYLW\ DV D IXQFWLRQ RI WKDW FLUFXLW SDUDPHWHU FDQ EH
IRXQG7KHYDOXHVVZHSWZHUH9*69'6DQG5/ 
 
)LJXUH3HDNSKRWRUHVSRQVHIRUGLIIHUHQWGUDLQFXUUHQWXVLQJ+%DQDO\VLV 
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3KRWRUHVSRQVHLVPHDVXUHGDWWKHRXWSXWRIWKHGHYLFH9'6ZKHUHE\WKHVXE-
7+]VLJQDOZLOOHQWHULQWRWKHJDWHGHYLFHZKLOHWKHGHYLFHLWVHOIZLOOEHELDVHGDW9*6
QHDUWRWKHWKUHVKROGYROWDJHRIWKHGHYLFHV,Q+%DQDO\VLVZHWULHGWRVLPXODWHWKH
SKRWRUHVSRQVHRIWKHGHYLFHVE\LQMHFWLQJD*+]VLJQDOZLWKG%P7KHRXWSXWV
IURPWKHGUDLQZHUHPHDVXUHGLQWHUPRIYROWDJH)URPWKH)LJXUHLWFDQEHVHHQ
WKDW LQ WHUPVRIPDJQLWXGH WKHSKRWRUHVSRQVHZDV9DW'&WHUPIURP+%
DQDO\VLV 7KH UHVXOWV ORRNHG SURPLVLQJ LQGLFDWLQJ WKDW WKH GHWHFWLRQ RI VXE-7+]
IUHTXHQFLHV PD\ EH SRVVLEOH 7KH UHVSRQVH VWDUWHG WR LQFUHDVH DURXQG WKH WKUHVKROG
YROWDJHIRUWKLVGHYLFHDW-97KLVVKRZHGWKDWWKHJDWHYROWDJHFRQWUROVWKHFDUULHU
GHQVLW\LQWKHFKDQQHODQGWKHQLWDOORZVWKHUHVRQDQFHSODVPDIUHTXHQF\WREHWXQHG
>@ 
 %\HQKDQFHPHQWRI WKHGUDLQFXUUHQW WKHSKRWRUHVSRQVHDOVR LQFUHDVHG7KH
VLPXODWLRQ UHVXOWV SUHGLFWHG WKDW E\ LQFUHDVLQJ WKH GUDLQ FXUUHQW WKH SKRWRUHVSRQVH
DOVRLQFUHDVHVIURP9DW$GUDLQELDVXSWR9DW$GUDLQ
FXUUHQW ELDVLQJ ,Q VXPPDU\ WKLV +(07 WUDQVLVWRU PRGHO FDQ EH XVHG DV VXE-7+]
GHWHFWRU PRGHO 7KH GUDLQ FXUUHQW DIIHFWV WKH SK\VLFV EHKLQG WKH SODVPD ZDYH E\
DIIHFWLQJ SODVPD UHOD[DWLRQ UDWH LQ GULYLQJ WKH WZR GLPHQVLRQDO SODVPD LQ WKH
WUDQVLVWRUFKDQQHO WRZDUGVSODVPDZDYHLQVWDELOLW\>@$WWKLVUDWH WKHEURDGHQLQJ
RISODVPDZDYHUHVRQDQWZLOOGHFUHDVHDVGUDLQFXUUHQWLVLQFUHDVHG 
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 6XE-7+]'HWHFWRU3&%ERDUG 
 $3&%ERDUGZDVGHVLJQHGDVDSODWIRUPWRWHVWWKHWUDQVLVWRUSHUIRUPDQFHDV
DVXE-7+]GHWHFWRU($*/(3&%'HVLJQUVRIWZDUHLVXVHGWRGHVLJQWKH3&%
ERDUG>@2XUPDLQREMHFWLYHZDVWRGHVLJQWKHVXE-7+]GHWHFWRUERDUGto produce 
low noise DVSRVVLEOHZLWK WUDQVLVWRUV +(07V being placed far away from all the 
electronic equipment 
 ,QGHVLJQLQJWKH3&%ERDUGVHYHUDOOD\RXWWHFKQLTXHVZHUHFRQVLGHUHG7KHVH
WHFKQLTXHVDUHLPSRUWDQWDVZHZDQWWRGHVLJQDFLUFXLWOD\RXWZLWKRSWLPXPUHVXOWV
,Q3&%OD\RXWGHVLJQZHQHHGWRXVHE\SDVVDQGGHFRXSOLQJFDSDFLWRUVFor devices 
that need power source, a capacitors value of ȝ)LVSODFHGQHDUWRGHYLFHVDQGRI
ȝ)QHDUZKHUHWKHSRZHUVRXUFHVHQWHUWKHERDUG%\SDVVRUGHFRXSOLQJFDSDFLWRUV
JHQHUDOO\ VHUYH WR UH-GLUHFW KLJK IUHTXHQF\ VLJQDOV WKDW DUH RQ WKH SRZHU UDLO WKDW
ZRXOGRWKHUZLVHHQWHULQWRWKHVHQVLWLYHDQDORJXHFKLSWKURXJKWKHSRZHUSLQ>@,I
E\SDVVRUGHFRXSOLQJFDSDFLWRUVDUHQRWXVHGLQOD\RXWGHVLJQQRLVHWRWKHVLJQDOSDWK
ZLOO EH FUHDWHG DQG it may cause oscillations :H XVHG KLJK VSHHG ORZ (65
GHFRXSOLQJ FDSDFLWRUV ;5 RU %; W\SH RI GLHOHFWULF FHUDPLF FKLS RQ HDFK SRZHU
VXSSO\SLQJURXQGWRUHGXFHKLJKIUHTXHQF\QRLVHRQSRZHUDQGJURXQGSLQ 
 $WKLJKVSHHGV WKHVLJQDOV WUDFHV ORRN OLNH WUDQVPLVVLRQ OLQHVZKHUHE\ WUDFH
LPSHGDQFH EHFRPHV DQ LPSRUWDQW IDFWRU 6XSSO\ YROWDJH DQG FXUUHQW WUDFH PXVW EH
ZLGHUWKDQRWKHUWUDFHV>@ 
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)LJXUH3RZHUDQGJURXQGZLWKGLIIHUHQWURXWHZLOOLQFUHDVH(0, 
 
 ,I WKH3&%GHVLJQKDV DSRZHUDQGJURXQG URXWLQJZLWK DGLIIHUHQW URXWH LW
ZLOOLQFUHDVHHOHFWURPDJQHWLFLQWHUIHUHQFH(0,DVVKRZQLQ)LJXUH2QHRIWKH
WHFKQLTXHV IRU UHGXFLQJ HOHFWURPDJQHWLF LQWHUIHUHQFH (0, LVE\ URXWLQJ WKHSRZHU
DQGJURXQGLQWKHVDPHSODFH$VDUHVXOWZKHQWKHSRZHUDQGJURXQGDUHQRWURXWHG
WRJHWKHUV\VWHPORRSVQHHGWREHGHVLJQHGLQWROD\RXWDQGWKHUHZLOOEHDSRVVLELOLW\
RI QRLVH WR RFFXU 7KLV H[SODQDWLRQ ZLOO LQFOXGH DQ H[DPSOH RI 3&% GHVLJQHG WR
UHGXFH(0,DVVKRZQLQ)LJXUH 
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)LJXUH3RZHUDQGJURXQGZLWKVDPHURXWHZLOOGHFUHDVH(0, 
 
%RWK3&%ERDUGVKDYHGLIIHUHQWDUHDVZKHUHE\WKHILUVWERDUGKDYHORRSDUHDRI
FP ZKLOH WKH RWKHU RQH KDYH  FP 7KH RSSRUWXQLW\ WR UHGXFH WKH (0, E\
OHVVHQLQJUDWLRRI- 
 
 3ODFLQJWKHFRPSRQHQWVLQWKH3&%LVDOVRLPSRUWDQW$OOWKHDQDORJXHDQG
GLJLWDO FRPSRQHQWV PXVW EH VHSDUDWHG DV GLJLWDO FRPSRQHQWV DQG FLUFXLWV VXFK DV
GLJLWDO EXIIHU ORJLF JDWHV DQG RWKHUV DUH IXOO ZLWK QRLVH DQG OHVV VHQVLWLYH WR LW ,Q
DGGLWLRQ KLJK IUHTXHQF\ FRPSRQHQWV PXVW EH VHSDUDWHG IURP WKH ORZHU IUHTXHQF\
FRPSRQHQWV DQGNHSWQHDU WR WKHFRQQHFWRU DV WKLVZLOO OLPLW WKH FRXSOLQJEHWZHHQ
VXE-V\VWHPVWRDPLQLPXP 
2748 54
51.2
x|
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Whenever a PCB board is designed, and two traces are put too close to each 
other, a parasitic capacitance will exist Therefore, in order to solve the parasitic 
capacitance problem, two traces can be placed perpendicular to each other or the 
traces can be placed side by side but the gap between them must be bigger. 
 $QRWKHU LPSRUWDQW WKLQJ LQ GHVLJQLQJ WKH 3&% LV WKH JURXQG SODQH $ JRRG
JURXQG LV LPSRUWDQW DV LWZLOOEH WKHIRXQGDWLRQ WRDKLJK-TXDOLW\3&%GHVLJQ7KH
HQWLUHJURXQGSDWKKDVVRPHILQLWHLPSHGDQFHDQGVRZKHQFXUUHQWIORZLWFDQFDXVHD
YROWDJHGURS:KHQGHVLJQLQJDJURXQGSODQHSDUDOOHOSDWKZD\VFDQEHSODFHGWRWKH
JURXQGDQGLWZLOOKHOSWRUHGXFHLQGXFWDQFHIRUWKH3&%ERDUG7KHLQGXFWDQFHRIWKH
FRQGXFWRU LV LQYHUVHO\ SURSRUWLRQDO WR FRQGXFWRU¶V GLDPHWHU RU ZLGWK EXW GLUHFWO\
SURSRUWLRQDO WR WKHOHQJWK ,QWKLVFDVHZHFDQGHFUHDVHWKHLQGXFWDQFHE\UHGXFLQJ
WUDFHOHQJWKDQGPDNHLWZLGHU 7KHWUDQVPLVVLRQUHIOHFWLRQLQ WKHWUDFHFDQDOVREH
UHGXFHGE\XVLQJ-GHJUHHWXUQVUDWKHUWKDQGHJUHHWXUQV 
 ($*/(U3&%GHVLJQVRIWZDUHLVDSRZHUIXO WRRO LQGHVLJQLQJD3&%
7KHGHVLJQVWDUWHGE\FUHDWLQJDOLEUDU\QDPH6XE-7+]'HWHFWRU7KHQWKHIRRWSULQW
VXFKDV$7)+(07WUDQVLVWRUIRUHDFKFRPSRQHQWZDVGHVLJQHG)LJXUH
EHORZVKRZQWKHH[DPSOHRIWKHIRRWSULQWIRUWKHWUDQVLVWRU 
 
)LJXUH$7)3DFNDJHRXWOLQHVZLWK3&%SDGOD\RXW>@ 
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 $IWHU WKH IRRW SULQW OLEUDU\ IRU HDFK FRPSRQHQW ZDV FUHDWHG WKHVH OLEUDULHV
ZHUHXVHGWRGHVLJQWKHVXE-7+]GHWHFWRUERDUG7KHPDLQFRQFHUQIRUWKLVVXE-7+]
GHWHFWRU ERDUG ZDV WKH QRLVH FUHDWHG IURP WKH HOHFWURQLF FRPSRQHQWV RQ WKH ERDUG
Therefore, DOOWKHFRPSRQHQWVVXFKDV6XUIDFH0RXQW7HFKQRORJLHV607YDULDEOH
UHVLVWRU %1& FRQQHFWRUV DQG RWKHUV ZHUH FKRVHQ ZLOO KDYH D PLQLPXP QRLVH 7KH
VXE-7+]GHWHFWRUERDUGZDVIDEULFDWHGDW3&%7UDLQ>@7KHVFKHPDWLFDQGOD\RXW
IRUWKHVXE-7+]GHWHFWRUERDUGDUHVKRZQLQ)LJXUHVDQG 
  
  
66 
 
)LJXUH6XE-7+]'HWHFWRUVFKHPDWLFGLDJUDP 
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 ([SHULPHQWDO3URFHGXUH 
The sub-THz detector was tested in RF Engineering room at ambient 
temperature. The equipment used included Broadband Vector Network Analyser up 
to 325 GHz, 75 um pitch RF probe test bench, Keithley 236 and 237 programmable 
voltage sources, digital multimeter, Olympus 20x microscope. 
 7KH 607 SDFNDJHG $YDJR 3+(07V ZHUH FRPPHUFLDOO\ VRXUFHG DQG ZHUH
VROGHUHG WR D FXVWRP VXE-7+] GHWHFWRU ERDUG WKDW DOORZHG HDV\ FRQQHFWLRQV WR WKH
GUDLQ DQG JDWH RI WKH GHYLFH 7KH VRXUFH RI WKH GHYLFH ZDV FRQQHFWHG WR JURXQG
.HLWKOH\ VRXUFH PHDVXUHPHQW XQLWV VXSSOLHG WKH ELDVHG JDWH YROWDJHV DQG GUDLQ
FXUUHQWV 7KH GUDLQ-VRXUFH YROWDJH 9'6 ZDV PHDVXUHG XVLQJ D .HLWKOH\ 'LJLWDO
PXOWLPHWHU7KHH[SHULPHQWDOVHWXSLVVKRZQLQILJXUH 
 
 
Figure 4.15:  Experimental setup for Sub-THz detection 
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7KHVRXUFHRIUDGLDWLRQZDVDQ2OVHQ0LFURZDYH/DE20/YHFWRUQHWZRUN
DQDO\VHUH[WHQGHU991$-75PRGXOHZKLFKFDQRSHUDWHEHWZHHQ*+]DQG
 *+] 7KH 91$ H[WHQGHU ZDV FRQQHFWHG WR DQ $QULWVX %URDGEDQG 1HWZRUN
$QDO\VHU0(%RSHUDWLQJLQ&:PRGH7KLVDOORZVWKHIUHTXHQF\RIRSHUDWLRQWR
EH FKDQJHG 7KH 5) LQSXW SRZHU WR WKH 91$ H[WHQGHU ZDV  G%P DQG QRPLQDO
RXWSXWSRZHUIURP91$H[WHQGHUVSHFLILFDWLRQVZDV±G%P7KLVSRZHUZDVQRW
YHULILHG0RUHRYHUWKHUHLVQRUHFRJQLVHGSRZHUVWDQGDUGDERYH*+] 
 7KHSRZHU IURP WKH91$H[WHQGHUZDVFRXSOHG LQWR+(07GHYLFHXVLQJD
OHQJWK RI UHFWDQJXODU ZDYHJXLGH DQG D KRUQ DQWHQQD 7KH KRUQ ZDV SODFHG GLUHFWO\
DERYH WKH +(07 EXW QRW WRXFKLQJ WKH VXUIDFH 7KHUH ZHUH QR VSHFLDO DQWHQQDV
FRQQHFWHG WR WKH GHYLFH 7R PHDVXUH WKH SKRWR-UHVSRQVH RI GHYLFH WR WKH LQFLGHQW
UDGLDWLRQ WKH YDOXH RI 9'6 LV PHDVXUHG ZKHQ WKH LQFLGHQW UDGLDWLRQ ZDV RQ DQG
VXEWUDFWHG IURP WKH YDOXH REWDLQHG ZKHQ WKH UDGLDWLRQ ZDV RII 7KH SRZHU RI WKH
LQFLGHQW UDGLDWLRQ ZDV WXUQ RII E\ UHPRYLQJ WKH LQFLGHQW 5) SRZHU WR WKH 91$
H[WHQGHU 6LQFH WKHSKRWR-UHVSRQVH LV VPDOO LQ9 WKHPHDVXUHPHQWVKDG WREH
UHSHDWHGWLPHVDQGDYHUDJHG 
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 ,9&KDUDFWHULVWLFDQG3KRWRUHVSRQVHH[SHULPHQWXVLQJ/DEYLHZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1R   <HV    1R 
 
   <HV 
 
 
 
Figure 4.16: IV characteristic experiment flowchart using LabView 
   Start 
Set VGS current 
compliance 
Set delay 0.5s for 
VDS and VGS 
controller 
Set VDS current and 
voltage compliance 
ID vs VDS measurement 
100 
points?  
Store IV 
characteristic 
data 
Capture IV 
characteristic 
data 
Display IV 
characteristic 
10 different 
VGS biasing? 
End 
Set VDS start and stop 
level 
Set VGS biasing 
 71 
7RPHDVXUH,'WZR.HLWKOH\VRXUFHPHDVXUHPHQWXQLWV608ZHUHXVHGDQG
FRQWUROOHG YLD D SURJUDP EDVHG RQ /DEYLHZ  >@ ZLWK 1,-86%-*3,% LQWHUIDFH
GHYLFH7KLV LQWHUIDFHGHYLFH LV XVHG WR FRQQHFW /DEYLHZ ZLWK DOO LQVWUXPHQWV It is 
important to ensure that the instrument is initialized ZLWK LWV*3,%DGGUHVVDW*3,%
EXV FRQWUROOHU  )RU WKH .HLWKOH\  WKH *3,% ,((( DGGUHVV ZDV VHW DW  WKH
.HLWKOH\  WKH *3,% ,((( DGGUHVV ZDV VHW WR  DQG IRU .HLWKOH\  GLJLWDO
PXOWLPHWHU '00 *3,% DGGUHVV ZDV  ,Q DGGLWLRQ WKH $QULWVX %URDGEDQG
1HWZRUN$QDO\]HUIRUVXE-7+]VRXUFHWKH*3,%DGGUHVVZDVVHWDW 
7KHIORZFKDUWIRUGHYHORSLQJ)(7,9FKDUDFWHULVWLFSURJUDPXVLQJ/DEYLHZLV
VKRZQLQ)LJXUH$WWKHEHJLQQLQJRIWKHSURJUDPWKH9*6.HLWKOH\608
DQG WKH 9'6 .HLWKOH\ 608  FXUUHQW FRPSOLDQFH ZDV VHW DW D FHUWDLQ YDOXH WR
SURWHFW WKH GHYLFHV IURP VKRUW-FLUFXLWV DQG EXUQ RXW 7KHQ D GHOD\ RI DURXQG 
VHFRQGVZDVVHWDW9*6 DQG9'6/DWHURQ WKH9*6ZHUHVHWDWGLIIHUHQWELDVLQJ
ZKLOH9'6ZDVVHWDWSRLQWRIGLIIHUHQWELDVLQJE\VHWWLQJWKH9'6VWDUWVWRSDQG
YROWDJH VWHS $IWHU WKDW WKH SURJUDP ZDV UXQ DQG ,' ZDV PHDVXUHG XVLQJ GLJLWDO
PXOWLPHWHU.HLWKOH\'007KH,9FKDUDFWHULVWLFGDWDZDVFDSWXUHGDQGVWRUHG
LQVLGH /DE9LHZ PHPRU\ 7KH SURFHVV RI FDSWXULQJ GDWD FRQWLQXHV XQWLO WKH 9'6
ELDVLQJSRLQWUHDFKSRLQWV 
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 3KRWRUHVSRQVH([SHULPHQWXVLQJ/DEYLHZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
)LJXUH3KRWRUHVSRQVHIORZFKDUWXVLQJ/DEYLHZ 
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     <HV 
      
 
)LJXUH3KRWRUHVSRQVHIORZFKDUWXVLQJ/DEYLHZ 
7KH SKRWRUHVSRQVH FDQ EH SURGXFHG LQ GLIIHUHQW W\SHV RI H[SHULPHQWV DV
VKRZQLQ)LJXUHVDQGAt the first stage, frequency was fixed with varying 
VGSDQG ,'7KHGHYHORSPHQWRI WKLVSURJUDPZDVEDVHGRQ/DEYLHZZLWK1,-
86%-*3,%LQWHUIDFHGHYLFH7KLVLQWHUIDFHGHYLFHLVXVHGWRFRQQHFW/DEYLHZZLWKDOO
LQVWUXPHQWVXVLQJ*3,%DGGUHVV/DEYLHZLQLWLDOL]HVHDFK LQVWUXPHQWEDVHGRQ WKHLU
*3,%DGGUHVV,n this experiment, GPIB IEEE address for Keithley 236 was 16 while 
Keithley 237 was 15.An analysis of the measured data will be described in the next 
section. 
Continue 
Display 
data in 
the table 
X=10
Y=5 
Y=11 
End 
 74 
 5HVXOWVDQGGLVFXVVLRQ 
 ([SHULPHQWDOUHVXOWVDQGGLVFXVVLRQ 
 )(7,9&KDUDFWHULVWLF 
 
)LJXUH0HDVXUHG$7),9FKDUDFWHULVWLF 
 
)LJXUHVKRZVWKHPHDVXUHG,9FKDUDFWHULVWLFRIWKH$7)7KHGUDLQ
FXUUHQW LV  P$ DW 9'6    9 ,Q WKH QH[W H[SHULPHQW WKH SKRWRUHVSRQVH RI WKH
GHYLFHV ZHUH PHDVXUHG 7KH SURFHVV RI SKRWRUHVSRQVH PHDVXUHPHQW WDNHV TXLWH D
ORQJWLPHVLQFHWKHSKRWRUHVSRQVHGDWDPHDVXUHPHQWZDVVRVPDOODQGVHQVLWLYH7KH
H[SHULPHQWDOUHSHWLWLRQVQHHGHGWREHGRQHDOWKRXJKWKHFDOLEUDWLRQIRUPHDVXUHPHQW
ZDVSUHYLRXVO\SHUIRUPHGEHIRUH7KHGDWDUHSHWLWLRQVRIPHDVXUHPHQWZHUHDYHUDJHG
VRWKDWLWUHGXFHGWKHQRLVHIURPRWKHUVDQGLQFUHDVHGDWDDFFXUDF\ 
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 3KRWRUHVSRQVHIL[HGIUHTXHQF\YDU\9*6YDU\,' 
)LJXUH  VKRZV WKH SKRWRUHVSRQVH RI D GHYLFH DV D IXQFWLRQ RI 9*6 IRU
GLIIHUHQWELDVFXUUHQWV,QDOOWKHVHPHDVXUHPHQWVWKHIUHTXHQF\ZDVFRQVWDQWDQGVHW
WR*+]7KHSKRWRUHVSRQVHZDVYHU\VPDOOXQWLO9*6DSSURDFKHG WKH WKUHVKROG
YROWDJHRIGHYLFH-9:KHQ9*6ZDVUHGXFHGIXUWKHUWKHSKRWRUHVSRQVHEHJDQ
WRLQFUHDVHDQGWKHQOHYHOOHGRIIEHIRUHVKDUSO\LQFUHDVLQJDJDLQ$WKLJKHUFXUUHQWV
WKHUHLVDOVRHYLGHQFHWKDWWKHSKRWRUHVSRQVHJRHVWKURXJKDPD[LPXP7KLVPHWKRG
RI GUDLQ FXUUHQW HQKDQFHPHQW ZLOO DIIHFW SODVPD UHOD[DWLRQ UDWH LQ GULYLQJ WZR-
GLPHQVLRQDOSODVPDLQWKHWUDQVLVWRUFKDQQHOWRZDUGVSODVPDZDYHLQVWDELOLW\>@ 
 
 
)LJXUH3KRWRUHVSRQVHVLJQDOIRUIUHTXHQF\DW*+]DVDIXQFWLRQRIJDWHELDV
DWGLIIHUHQWGUDLQFXUUHQW 
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Figure 4.21: Photoresponse along with the corresponding standard deviation for a 
ELDVRIȝ$ 
 
7KHYDULDWLRQRISKRWRUHVSRQVHLVVKRZQPRUHFOHDUO\LQ)LJXUHZKHUHE\
GDWDREWDLQHGZLWKDGUDLQELDVFXUUHQWRIȝ$LVVKRZQRQLWVRZQ$OVRLQFOXGHGLQ
WKLVGLDJUDPLVDQHVWLPDWLRQRI WKHPHDVXUHPHQWRYHUSKRWRUHVSRQVHE\ WDNLQJ
PHDVXUHPHQWVDQGFDOFXODWLQJVWDQGDUGGHYLDWLRQ)URPWKLVGLDJUDPLW LVFOHDUWKDW
WKH³SHDN´DW9*6 -9FRQVLVWVRIRQHGDWDSRLQWand need to bear this in mind 
ZKHQ GUDZLQJ FRQFOXVLRQV +RZHYHU WKH GLIIHUHQFH EHWZHHQ WKLV SRLQW DQG LWV
QHLJKERXUV LV ODUJHU WKDQ VWDQGDUG GHYLDWLRQ RI WKH PHDVXUHPHQWV ,Q DGGLWLRQ WKLV
EHKDYLRXULVVHHQLQRWKHUFXUYHVSUHVHQWHGLQ)LJXUH 
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Figure 4.22: The values of VGS at which the photo-response is 0.01 V as a function of 
the DC drain bias current. 
 
$QRWKHUREVHUYDWLRQIURP)LJXUHLVWKHYROWDJHDWZKLFKSKRWRUHVSRQVH
LQLWLDOO\ LQFUHDVHV GHSHQGV RQ GUDLQ ELDV FXUUHQW ,Q RUGHU WR LQYHVWLJDWH WKLV
SKHQRPHQRQWKHYROWDJHDWZKLFKVLJQDOZDVGHWHFWHGLVHTXDOWR9DVVKRZQLQ
)LJXUH   ,Q DOO FDVHV WKH SRLQW DW ZKLFK WKLV RFFXUV LV EHWZHHQ WZR PHDVXUHG
YDOXHV6ROLQHDULQWHUSRODWLRQKDVEHHQXVHGWRHVWLPDWHWKHYDOXH7KHILJXUHVKRZV
WKDW WKH UHVSRQVLYLW\ GRHV LQFUHDVH ZLWK ELDV FXUUHQW EXW WKH UDWH RI LQFUHDVH VORZV
GRZQZLWKGUDLQFXUUHQW>@ 
 
 3KRWRUHVSRQVHIL[HG,'YDU\9*6YDU\IUHTXHQF\ 
 7KHHIIHFWRQWKHSKRWR-UHVSRQVHIRUIUHTXHQFLHVIURP-*+]LVVKRZQ
LQ)LJXUH,QDOOWKHVHPHDVXUHPHQWVWKHGUDLQFXUUHQWZDVNHSWDWȝ$6LQFH
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WKHSRZHUHPLWWHGE\91$H[WHQGHUZDVQRWPHDVXUHGRQO\WUHQGVLQGDWDDUHYDOLG
,QJHQHUDOWKHVKDSHRISKRWR-UHVSRQVH±9*6FKDUDFWHULVWLFLVDSSUR[LPDWHO\WKHVDPH
IRUDOO IUHTXHQFLHV+RZHYHURQFORVHU LQVSHFWLRQ WKHIUHTXHQF\GHSHQGHQFHRI WKH
UHVSRQVLYLW\DW³-9SHDN´LVGLIIHUHQWWRWKHFDVHZKHQ9*6 - 
 
 
)LJXUH3KRWRUHVSRQVHLQGLIIHUHQWIUHTXHQF\LQELDVLQJ9*6>@ 
 
 3UHYLRXVUHVXOWVRQWKHXVHRI7+]GHWHFWRUVVKRZMXVWDVLQJOHEURDGSHDNLQ
UHVSRQVLYLW\ZLWK WKHPD[LPXPRFFXUULQJDSSUR[LPDWHO\DW WKH WKUHVKROGYROWDJHRI
GHYLFH,QRXUUHVXOWVWKHUHLVDVXSHUSRVLWLRQRIDSRVVLEOHVPDOOSHDNZLWKDJHQHUDO
LQFUHDVHLQUHVSRQVLYLW\DV9*6LVGHFUHDVHGEHORZWKHWKUHVKROG 
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 3KRWRUHVSRQVHYDU\LQJ91$LQSXWSRZHU 
 ,QWKHQH[WH[SHULPHQWSKRWRUHVSRQVHZDVUXQZLWKGLIIHUHQW5)SRZHULQSXW
IURPG%PG%PDQGG%P7KHH[SHULPHQWVHWXSLVVWLOOWKHVDPHZLWK9*6DW-
9WKUHVKROGYROWDJH-9IRU+(07$7)DQGYDU\LQJWKH,'6IURPɊ$ WR Ɋ$ DQG DOVR IL[HG IUHTXHQF\ DW  *+] (DFK SRLQW ZDV DYHUDJHG 
WLPHVE\.HLWKOH\'00DQGWLPHVLQ/DE9LHZSURJUDPWRJHWWKHDYHUDJH
GDWD7KHUHVXOWLVVKRZQLQ)LJXUH 
 
 
Figure 4.24: Peak of photoresponse at different VNA input power 
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7KHVHUHVXOWVwere purely original, as no other similar researchers have done 
this experiment before,QVXPPDU\ZLWKGLIIHUHQW5)SRZHULQSXWELDVDW9* 97+
DQG YDU\LQJ ,' WKH UHVXOWV VKRZ WKDW ZKHQ 5) SRZHU LQSXW LQFUHDVH WKH
SKRWRUHVSRQVH ZLOO DOVR LQFUHDVH 6HYHUDO H[SODQDWLRQV DUH SXW IRUZDUG UHJDUGLQJ
WKHVHUHVXOWV 
3UHYLRXVO\PHDVXUHGSHDNZLGWKZDVDSSUR[LPDWHO\9>@7KLVhappens 
because WKH UHVXOW SUHVHQWHG LV MXVW RQH VLGH RI DQ XQREVHUYHG SHDN +RZHYHU9*6
FRXOG QRW EH UHGXFHG DQ\ IXUWKHU WR WHVW WKLV FULWHULRQ $V 9*6 ZDV UHGXFHG EHORZ
SLQFKRII WKHUHVLVWDQFHRI WKHFKDQQHOEHWZHHQVRXUFHDQGGUDLQ UDSLGO\ LQFUHDVHG
6LQFHWKHGUDLQLVGULYHQE\DFRQVWDQWFXUUHQWVRXUFHWKHGUDLQYROWDJHLQFUHDVHGDQG
UHDFKHG9WKHPD[LPXPSHUPLVVLEOH9'6IRUWKLVGHYLFH 
7KH PHDVXUHG UHVSRQVH RI +(07 GHWHFWRU GHSHQGV FULWLFDOO\ RQ WKH
RULHQWDWLRQRISRODULVDWLRQZLWKUDGLDWLRQZLWKUHVSHFWWRWKHJDWHILQJHU>@+RZHYHU
QRQH RI WKH SXEOLVKHG SKRWR-UHVSRQVH-9*6 FKDUDFWHULVWLF ORRNV OLNH WKH PHDVXUHG
FKDUDFWHULVWLFRIWKLVZRUN,QWHUPVRIWKHPHDVXUHPHQWIUHTXHQF\RXUH[SHULPHQWDO
UHVXOWV DUH GLIIHUHQW IURP SUHYLRXV ZRUN >@)URP FRPSDULVRQ ZLWK OLWHUDWXUH WKH
UHVSRQVH GRHV GHSHQG RQ IUHTXHQF\ ,W LV XQFOHDU ZKHWKHU WKLV GLIIHUHQFH FDQ EH
DWWULEXWHG WR WKH PHDVXUHPHQW IUHTXHQF\ RU GLIIHUHQW GHYLFHV DQG RULHQWDWLRQV XVHG
7KHUHVXOWVSUHVHQWHGLQ)LJXUHSURYLGHVRPHHYLGHQFHWRVXSSRUWWKLVK\SRWKHVLV
EHFDXVHWKHDFWXDOVKDSHRIWKHUHVSRQVHZLWK9*6GRHVGHSHQGVOLJKWO\LQIUHTXHQF\
+RZHYHU WKH UHVXOWV PHDVXUHG DW  *+] VWLOO VKRZ D SHDN while on previous 
research, at 200 GHz, nothing was observed.$WFU\RJHQLFWHPSHUDWXUHV.VPDOO
SHDNVKDYHEHHQREVHUYHGLQWKHUHVSRQVHDVDIXQFWLRQRI9*6EXWWKHVHGLVDSSHDUHG
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DVWKHWHPSHUDWXUHLQFUHDVHGAs far as this research was concerned, none of the study 
was done on detecting sub-THz VLJQDOV E\ YDU\LQJ WKH 5) SRZHU LQSXW ,Q WKLV
H[SHULPHQW WKHUH LV VWURQJ HYLGHQFH WKDW E\ LQFUHDVLQJ WKH 5) SRZHU LQSXW WKH
SKRWRUHVSRQVH ZLOO DOVR NHHS LQFUHDVLQJ 7KLV SURYHV WKDW WKH +(07 LV D VHQVLWLYH
VXE-7+]GHWHFWRUVLQFHLWFDQJHQHUDWHDSKRWRUHVSRQVHDWGLIIHUHQWLQSXWSRZHUV 
 
 &RQFOXVLRQ 
 In summary, we have demonstrated photoresponse to CW sub-THz radiation 
of HEMT with 0.2 Ɋm gate length and 200 Ɋm width caused by plasma wave 
detection. There are some evidence that photoresponse was affected by increasing 
drain current and varying the VGS. In addition, photoresponse also depends on 
frequency. Furthermore, the HEMT also gives an indication of response by varying 
the input power. The results also indicate that a HEMT can work as a sub-THz 
detector at different input powers. In general, the shapes of our response are different 
to previous research and several explanations have been put forward to discuss on 
these differences. While the HEMT gives a hope on detecting sub-THz radiation, 
further work was done on developing MOSFETs CMOS process technology and this 
will be discussed in the next chapter.  
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&KDSWHU 
0HWDO2[LGH6HPLFRQGXFWRU)LHOG(IIHFW
7UDQVLVWRUV026)(7VDV6XE-7+]'HWHFWRUV 
 ,QWURGXFWLRQ 
 5HFHQWO\ VXE-7+] DQG 7+] UDGLDWLRQ GHWHFWLRQ E\ 0HWDO-2[LGH-
6HPLFRQGXFWRU )LHOG (IIHFW 7UDQVLVWRU 026)(7 PDQXIDFWXUHG LQ D FRQYHQWLRQDO
&026 SURFHVV KDV EHHQ UHSRUWHG >@ %RWK 3 FKDQQHO DQG 1 FKDQQHO 026)(7V
ZHUH XVHG %DVHG RQ WKH SUHGLFWLRQ E\ ) 7HSSH HW DO >@ VXE-7+] DQG 7+]
UDGLDWLRQ FDQ EH GHWHFWHG E\ XVLQJ SODVPD ZDYHV LQ ' HOHFWURQ JDV FUHDWHG DW WKH
R[LGHVHPLFRQGXFWRULQWHUIDFHLQD026)(77KHDFWXDOPHFKDQLVPLVVLPLODUWRWKDW
ZKLFKKDVEHHQUHSRUWHGXVLQJ+(076DVH[SODLQHGLQFKDSWHU 
 (DUOLHU QRQ-UHVRQDQW SODVPD ZDYH GHWHFWLRQ RI VXE-WHUDKHUW] DQG WHUDKHUW]
ZDVGLVFRYHUHGLQ+(07>@DQG6LOLFRQ)(7>@/DWHURQLQLWZDVUHSRUWHG
WKDW 6LOLFRQ-2Q-,QVXODWHU 0HWDO 2[LGH 6HPLFRQGXFWRU )LHOG (IIHFW 7UDQVLVWRU 62,
026)(7ZDVXVHGDV7+]GHWHFWRU DW GLIIHUHQW WHPSHUDWXUH IURP . -. >@
$OOWKHVHGHYLFHVZHUHWXQHGWRWKHVXE-7+]IUHTXHQF\IURP-*+]E\YDU\LQJ
WKHJDWHELDV 
 
 'HVLJQPHWKRGRORJ\ 
7KHRSHUDWLRQRI7+]GHWHFWRUXVLQJ)(7VZDVSUHYLRXVO\GLVFXVVHGLQFKDSWHU
 7R LQYHVWLJDWH WKH HIIHFW IXUWKHU VHYHUDO 026)(7V ZLWK GLIIHUHQW OHQJWKV DQG
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ZLGWKV LQ WZR GLIIHUHQW &026 SURFHVV $06 & DQG 80& &026 WHFKQRORJ\
ZHUHPDQXIDFWXUHG$OOGHVLJQZDVGRQHXVLQJ9LUWXVR&DGHQFHVRIWZDUH>@7KH
026)(7GHVLJQIRUWKLVZRUNLVGLIIHUHQWIURPWKHSUHYLRXVUHVHDUFKZRUNVLQFHWKH
JDWHDQGGUDLQVZHUHFRQQHFWHGGLUHFWO\WRWKH5)SDGVZKLFKDOORZVHOHFWULFDOERWK
'& DQG 5) FRQQHFWLRQV E\ XVLQJ 5) SUREHV ZLWK  ȝP SLWFK  7KH PD[LPXP
IUHTXHQF\RIRSHUDWLRQIRUWKH3LFRSUREH**%,QGXVWULHV5)SUREHLV7+]>@
7KH026)(7OD\RXWLQWKH&026&SURFHVVLVVKRZQLQ)LJXUHDQG$OO
WKH026)(7VKDYHWKHVDPHJDWHOHQJWK/J ȝPZLWKVHYHQGLIIHUHQWJDWH
ZLGWKZKLFKDUHPPPPPPDQGP 
 
)LJXUH026)(7VOD\RXWLQ&DGHQFHXVLQJ$06&&026WHFKQRORJ\ 
 
)LJXUH026)(7ZLWKGLIIHUHQWZLGWKVOHQJWKJDWHOHQJWK/J ȝP 
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%HVLGHV026)(7V LQ$06&&026WHFKQRORJ\>@VHYHUDO026)(7V
ZLWKGLIIHUHQWJDWHOHQJWKZHUHPDQXIDFWXUHGLQWKH80&&026WHFKQRORJ\>@
%\ XVLQJ WKLV W\SH RI WHFKQRORJ\ VL[  GLIIHUHQW 026)(7V DUH GHVLJQHG ZLWK 
GLIIHUHQWJDWHOHQJWKVZKLFKDUHQPQPQPQPQPDQGDOVR
QP7KHZLGWKVRI WKH WUDQVLVWRUVDUH IL[HGDW PDQG)LJXUH VKRZV WKH
OD\RXWIRUWKHVH026)(7V 
 
 
)LJXUH6L[GLIIHUHQWJDWHOHQJWKIRU026)(7LQ80&&026WHFKQRORJ\ 
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 ([SHULPHQWDO3URFHGXUH 
 ([SHULPHQWDOVHWXS 
  
Figure 5.4:  Experimental setup for Sub-THz detection using MOSFETs. 
 
The fabricated MOSFETs were sent for fabrication and have been tested at 
ambient room temperature. The equipment used was Anritsu Broadband Vector 
Network Analyzer up to 325 GHz, 75 ȝP pitch RF probe test bench, Keithley 236 
and 237 programmable voltage source, digital multimeter and an Olympus 20x 
microsope. 
 )URP)LJXUHWKH026)(76VZHUHSODFHGRQWRWKH;<=3UREHVWDWLRQVR
WKDW WKHȝPSLWFK5)SUREHFRXOGEHHDVLO\SODFHGDW WKHDSSURSULDWHSDGVZKLFK
DOORZHGFRQQHFWLRQVWRWKHGUDLQJDWHDQGVRXUFHRIWKHGHYLFH1RWHWKDWWKHGHYLFHV
DUHFRQILJXUHGLQFRPPRQVRXUFHFRQILJXUDWLRQVRWKHVRXUFHLVFRQQHFWHGWRJURXQG
7KH ELDVLQJ JDWH YROWDJHV DQG GUDLQ FXUUHQWV DUH VXSSOLHG E\ .HLWKOH\ 6RXUFH
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0HDVXUHPHQW 8QLWV PRGHO ZKLFK DUH QXPEHUHG DW  DQG  UHVSHFWLYHO\ 7KH
GUDLQ-VRXUFHYROWDJH9'6ZDVPHDVXUHGXVLQJD.HLWKOH\'LJLWDOPXOWLPHWHU 
 $Q 2OVHQ 0LFURZDYH /DE 20/ YHFWRU QHWZRUN DQDO\VHU H[WHQGHU
991$-75PRGXOHZKLFKRSHUDWHVEHWZHHQ*+]XSWR*+]SURGXFHG
WKH VXE-7+] UDGLDWLRQ 7KH91$ H[WHQGHUZDV FRQQHFWHG WR DQ$QULWVX%URDGEDQG
1HWZRUN $QDO\]HU 0(% ZKLFK RSHUDWHG LQ &: PRGH 7KLV DOORZHG WKH
IUHTXHQF\RIRSHUDWLRQWREHFKDQJHG7KH5)LQSXWSRZHUWRWKH91$H[WHQGHUZDV-
G%PZLWKWKHRXWSXWSRZHUIURPWKH91$H[WHQGHUVSHFLILHGWREH-G%P7KH
SRZHUIURPWKH91$H[WHQGHUZDVFRXSOHGLQWRWKH026)(7VGHYLFHXVLQJDOHQJWK
RI UHFWDQJXODU ZDYHJXLGH DQG FRQQHFWHG WR 5) SUREH DV VKRZQ LQ )LJXUH  7KH
SUREHSDG FRQQHFWLRQ ZDV PDGH E\ SODFLQJ WKH SUREH GLUHFWO\ RQ WR WKH WRS PHWDO
OD\HURI5)SDGDQG WKLVPDUNHGDJRRGFRQQHFWLRQZKHUHE\ WKHVXE-7+]UDGLDWLRQ
GLUHFWO\FRXSOHVLQWRJDWHRIGHYLFHDQGWKHSKRWRUHVSRQVHFRXOGEHGLUHFWO\PHDVXUHG
DWWKHGUDLQ 
 :KHQ WKH LQFLGHQW UDGLDWLRQ ZDV RQ WKH SKRWRUHVSRQVH ZDV WDNHQ E\
PHDVXULQJWKH9'67KHSKRWRUHVSRQVHZDVREWDLQHGE\VXEWUDFWLQJWKLVPHDVXUHPHQW
IURPWKDWZKHQWKHUDGLDWLRQZDVRII7KHSRZHURIWKHLQFLGHQWUDGLDWLRQZDVWXUQHG
RII E\ UHPRYLQJ WKH LQFLGHQW 5) SRZHU WR WKH 91$ H[WHQGHU 6LQFH WKH SKRWR-
UHVSRQVH ZDV VPDOO WKH PHDVXUHPHQWV ZHUH UHSHDWHG  WLPHV DQG WKH DYHUDJH
WDNHQ :LWK WKLV SURFHGXUH WKH UHVXOWV RI SKRWRUHVSRQVH FRXOG EH REWDLQHG PRUH
DFFXUDWHO\VLQFHLWZRXOGUHGXFHWKHQRLVHIURPWKHSKRWRUHVSRQVHH[SHULPHQWV 
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)LJXUH6XE-7+]GHWHFWLRQWHVWEHQFK 
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 )(7,9&KDUDFWHULVWLFSURJUDPXVLQJ/DEYLHZ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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)LJXUH,9&KDUDFWHULVWLFH[SHULPHQWIORZFKDUWXVLQJ/DE9LHZ 
   Start 
Set VGS current 
compliance 
Set delay 0.5s for 
VDS and VGS 
controller 
Set VDS  
compliance 
ID vs VDS measurement 
 
100 points?  
Store IV 
characteristic 
data 
Capture IV 
characteristic 
data 
Display IV 
characteristic  
data in the table 
10 different 
VGS biasing ? 
End 
Set VDS start and stop 
level 
Set VGS biasing 
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7R PHDVXUH ,' WZR .HLWKOH\ VRXUFH RI PHDVXUHPHQW XQLW 608 ZHUH XVHG
DQGFRQWUROOHGYLDDSURJUDPEDVHGRQ/DEYLHZ>@ZLWK1,-86%-*3,%LQWHUIDFH
GHYLFH7KLVLQWHUIDFHGHYLFHLVXVHGWRFRQQHFW/DEYLHZWRDOORIWKHLQVWUXPHQWV7R
XQLTXHO\ DGGUHVV DQ LQVWUXPHQW WKH LQVWUXPHQW QHHGV WR LQLWLDOL]H ZLWK LWV *3,%
DGGUHVV DW *3,% EXV FRQWUROOHU  (DFK RI WKH HTXLSPHQW ZHUH LQLWLDOL]HG ZLWK WKH
*3,% DGGUHVVHV VXFK DV .HLWKOH\  WKH *3,% ,((( DGGUHVV ZDV VHW WR EH 
.HLWKOH\ZDVVHWWR.HLWKOH\GLJLWDOPXOWLPHWHU'00ZDVVHWWRDQG
WKH$QULWVX%URDGEDQG1HWZRUN$QDO\]HUDVWKHVXE-7+]VRXUFHZDVVHWWREH 
7KHIORZFKDUWIRUGHYHORSLQJ)(7,9FKDUDFWHULVWLFSURJUDPXVLQJ/DEYLHZLV
VKRZQLQ)LJXUH,QWKHEHJLQQLQJRIWKHSURJUDPWKH9*6.HLWKOH\608
DQGWKH9'6.HLWKOH\608FXUUHQWFRPSOLDQFHZDVVHWDW9DQGP$DVWR
SURWHFW WKH GHYLFHV IURP VKRUW-FLUFXLWV DQG EXUQ RXW 7KHQ D GHOD\ RI DURXQG 
VHFRQGVZDVVHWDW9*6DQG9'6/DWHURQ9*6ZDVVHWDWGLIIHUHQWELDVLQJZKLOH
WKH9'6ZDVVHWDWSRLQWVRIGLIIHUHQWELDVLQJE\VHWWLQJWKH9'6VWDUWVWRSDQG
YROWDJHVWHS 
7KH GUDLQ FXUUHQW ,' ZDV PHDVXUHG XVLQJ GLJLWDO PXOWLPHWHU .HLWKOH\ 
'00ZKHQWKHSURJUDPPHZDVH[HFXWHG7KH,9FKDUDFWHULVWLFGDWDZDVFDSWXUHG
DQGVWRUHGLQVLGH/DE9LHZPHPRU\ 
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 3KRWRUHVSRQVHSURJUDPXVLQJ/DEYLHZ 
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)LJXUH3KRWRUHVSRQVHH[SHULPHQWIORZFKDUWXVLQJ/DE9LHZ 
 
   Start 
Set continuous 
wave frequency 
Set power of VNA 
LO=17  RF=13. 
 
Set ID and vary VGS 
Photoresponse 
100 points 
of VGS? 
Store 
photoresponse 
data 
Capture 
photoresponse 
data 
Display 
photoresponse 
data in the table 
9 different 
frequencies ? 
End 
 91 
)LJXUHVKRZVWKHIORZFKDUWIRU026)(7SKRWRUHVSRQVHH[SHULPHQWXVLQJ
/DE9LHZ 7KH VHWWLQJ RI *3,% DGGUHVV LV WKH VDPH DV EHIRUH $W WKH EHJLQQLQJ RI
H[SHULPHQW WKH IUHTXHQF\ RI $QULWVX %URDGEDQG 1HWZRUN $QDO\]HU DV VXE-7+]
VRXUFHVZDVVHWWREHDVFRQWLQXRXVZDYH7KHORFDORVFLOODWRUDQG5)SRZHUZHUHVHW
DW  G%P DQG  G%P 7KHQ WKH /DE9LHZ ZDV SURJUDPPHG LQ RUGHU WR PHDVXUH
SKRWRUHVSRQVH E\ VHWWLQJ ,' ZKLOH YDU\LQJ 9*6 DQG IUHTXHQFLHV 7KH SRWRUHVSRQVH
GDWD ZHUH FDSWXUHG DIWHU LW KDV EHHQ PHDVXUHG E\ FRQWUROOHG GLJLWDO PXOWLPHWHU
.HLWKOH\'00DQGVWRUHGLQVLGHWKH/DE9LHZPHPRU\ 
7KHPHDVXUHPHQWVZHUHWDNHQIRUQLQHGLIIHUHQWIUHTXHQFLHVUDQJLQJIURP
*+]XS WR*+]DQG WKHSURFHVVRIFDSWXULQJ WKHSKRWRUHVSRQVHZDVFRQWLQXHG
XQWLO IUHTXHQF\ UHDFKHG *+]9DULDWLRQRI H[SHULPHQWVZDVGHVLJQHGEDVHGRQ
WKH IORZFKDUW VXFK DV  IL[HG WKH IUHTXHQF\ YDU\ 9*6 DQG ,'  IL[HG ,' DQG
IUHTXHQF\ YDU\ 9*6 DQG LQSXW SRZHU  IL[HG LQSXW SRZHU DQG ,' YDU\ 9*6 DQG
IUHTXHQF\ ,Q VHFWLRQ  WKH UHVXOWV DQG GLVFXVVLRQV DUH VKRZQ IURP WKHVH
H[SHULPHQWV 
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 5HVXOWVDQGGLVFXVVLRQ 
 026)(7,9&KDUDFWHULVWLF 
)LJXUHV  WR  VKRZ WKH VLPXODWHG DQG H[SHULPHQWDO UHVXOWV IRU ,'-9'6
FKDUDFWHULVWLF UHVXOWV IRU  GLIIHUHQW 026)(7 IDEULFDWHG XVLQJ ERWK $06 & DQG
80& &026 WHFKQRORJ\ ,Q WKH VLPXODWLRQV IRU 026)(7 $06 & &026
WHFKQRORJ\ZLWK/J ȝPDQG:J ȝPWKHWKUHVKROGYROWDJHZDV9
ZKLOHPD[LPXP,'ZDVP$DW9'6 9 ,Q80&&026WHFKQRORJ\ WZR
GLIIHUHQW W\SHVRI026)(7ZHUHXVHG LQ WKHH[SHULPHQW)LUVWO\ IRU /J   ȝP
DQG:J ȝPWKUHVKROGYROWDJHZDV9ZKLOHWKHPD[LPXP,'ZDVP$
DW9GV 96HFRQGO\IRU/J ȝPDQG:J ȝPWKUHVKROGYROWDJHWKDW
ZDVUHFRUGHGDW9DQGWKHPD[LPXP,' P$DW9'6 9+RZHYHULQ
FRPSDULVRQZLWK VLPXODWLRQ UHVXOWV WKHPHDVXUHGYDOXHVRI ,' DUHGLIIHUHQW7KLV LV
QRWXQH[SHFWHGVLQFHWKHUHLVDOZD\VVRPHSURFHVVYDULDWLRQGXULQJWKHPDQXIDFWXUH
RI WKH GHYLFHV ,Q WKLV SDUWLFXODU FDVH WKH DFWXDO PHDVXUHG UHVXOWV RI ,' IRU 80&
GHYLFHVDUHEHORZSUHGLFWHGYDOXHVRI,'XVLQJSURFHVVDYHUDJHVLPXODWLRQSDUDPHWHUV
ZKLOHWKH$0&GHYLFHVDUHDERYHWKHDYHUDJHYDOXHV 
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)LJXUH6LPXODWHGUHVXOWVIRUWKH,'-9'6DQG,'-9*6FKDUDFWHULVWLFVIRUD
026)(7$06&&026WHFKQRORJ\ZLWK/J ȝPDQG:J ȝP 
 
 
)LJXUH0HDVXUHG,9FKDUDFWHULVWLFIRU026)(7/J ȝP:J ȝP 
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)LJXUH6LPXODWHGUHVXOWVIRUWKH,'-9'6DQG,'-9*6FKDUDFWHULVWLFVIRUD
026)(780&&026WHFKQRORJ\ZLWK/J ȝPDQG:J ȝP 
 
 
)LJXUH0HVXUHG,9FKDUDFWHULVWLFIRU026)(7/J ȝPDQG:J 
ȝP 
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)LJXUH6LPXODWHGUHVXOWVIRUWKH,'-9'6DQG,'-9*6FKDUDFWHULVWLFVIRUD
026)(780&&026WHFKQRORJ\ZLWK/J ȝPDQG:J ȝP 
 
)LJXUH,9FKDUDFWHULVWLFIRU026)(7ZLWK/J ȝPDQG:J ȝP 
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5.3.2 Sub-THz detection experiment  
5.3.2.1 Photoresponse: varying VGS and ID 
 
Figure 5.14: Signal photoresponse for MOSFET AMS C35 CMOS, with Lg = 0.35 
ȝm, : ȝm. 
)LJXUH  VKRZV WKH SKRWRUHVSRQVH RI $06 & &026 WHFKQRORJ\
026)(7 ZLWK /J   ȝP DQG :J   ȝP 7KLV ILJXUH VKRZV WKH UHVXOWV RI WKH
SKRWRUHVSRQVH H[SHULPHQWZKHUHE\ VXE-7+] VLJQDOZDV IHG WR WKH026)(7¶VJDWH
DQGPHDVXUHPHQWZDVPDGHRQ9'6DVDIXQFWLRQRI9*6IRUGLIIHUHQWELDVFXUUHQWV$W
WKLV VWDJH WKH GUDLQ FXUUHQW ZDV YDULHG EHWZHHQ  DQG  ȝ$ ,Q WKHVH
PHDVXUHPHQWV WKH UHVXOWV LQGLFDWH WKDW WKH KLJKHVW SKRWRUHVSRQVH XVLQJ 026)(7
WHFKQRORJ\RFFXUUHGZKHQ ,'ZDVX$ ,Q DOO WKHVHPHDVXUHPHQWV WKH IUHTXHQF\
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ZDVFRQVWDQWDQGVHWWR*+]ZLWKDQRPLQDOLQSXWSRZHUWRWKH91$H[WHQGHURI
G%P 
7KH PHWKRG RI GUDLQ FXUUHQW HQKDQFHPHQW JLYHV VRPH LQIRUPDWLRQ RQ WKH
SURFHVVHVRFFXUULQJSODVPDZDYHLQWKHJDWHFKDQQHOWUDQVLVWRU$VWKHGUDLQFXUUHQW
LQFUHDVHGLWZLOODIIHFWWKHSODVPDUHOD[DWLRQUDWHLQGULYLQJWZR-GLPHQVLRQDOSODVPD
LQWUDQVLVWRUFKDQQHOWRZDUGVSODVPDZDYHLQVWDELOLW\>@ 
 
 
Figure 5.15: Peak photoresponse vs Vgs for MOSFET AMS C35 CMOS technology, 
with Lg = 0ȝm: ȝm. 
 
6LQFHWKHGUDLQFXUUHQWHQKDQFHPHQWH[SHULPHQW ORRNHGSURPLVLQJDWȝ$
DQH[SHULPHQWZDVSHUIRUPHGIRUȝ$ȝ$DQGȝ$DQGWKHUHVXOWVDUHVKRZQLQ
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)LJXUH)URP WKLV ILJXUH WKHUH LV DFOHDUSHDNRISKRWRUHVSRQVH IRU HDFKGUDLQ
FXUUHQW7KHYDOXHRI9*6ZKHUHWKLVSHDNRFFXUVGHFUHDVHVZLWK,' ,QWKLVILJXUHD
FOHDU³SHDN´DW9*6 9JDLQIRUELDVDWȝ$9*6 9IRUELDVDWȝ$DQG
9*6  9ZKHQELDVLQJ DW  ȝ$7KLVPHDVXUHPHQWZDV WDNHQXVLQJGLIIHUHQW
GHYLFHV EXW KDYH WKH VDPH VL]H 7KLV LV EHFDXVH WKH ILUVW GHYLFH XVHG LQ ILUVW
H[SHULPHQWZDVGHVWUR\HGGXH WRRYHU FXUUHQWRQ WKHGHYLFH)URP WKH UHVXOWV LW LV
FOHDUWKDWWKHSKRWRUHVSRQVHRFFXUVDWWUDQVLVWRUVWKUHVKROGYROWDJHEXWGHSHQGVRQWKH
GUDLQELDVFXUUHQW 
 
5.3.2.2 Photoresponse: varying VGS and VNA input power. 
Figure 5.16: Peak photoresponse vs VNA input power for MOSFET UMC18 CMOS 
technology with Lg= 250 nm at different bias currents. 
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,QWKLVH[SHULPHQWWKHSKRWRUHVSRQVHZDVPHDVXUHGDVDIXQFWLRQRI5)SRZHU
LQSXW 5) LQSXW SRZHU LV WKH LQSXW SRZHU WR 91$ H[WHQGHU 7KH LQSXW SRZHU ZDV
YDULHGIURPG%PXSWRG%PDW*+])RUWKHH[SHULPHQWXVLQJ026)(7
$06&&026GHYLFHV WKLVZDVPHDVXUHGDWRQHYDOXHRI ,'QDPHO\ȝ$)RU
026)(7V80&&026WHFKQRORJ\GHYLFHVWKHSKRWRUHVSRQVHYHUVXVSRZHUZDV
PHDVXUHGIRUGLIIHUHQWYDOXHVRI,'DWGLIIHUHQWLQSXWSRZHUV(DFKSRLQWRIGLDJUDPLV
WKHSHDNSKRWRUHVSRQVHYHUVXVLQSXWSRZHUWKDWZHUHDYHUDJHRIPHDVXUHPHQWV
7RREWDLQWKLVPHDVXUHPHQW9*6KDGWREHVFDQQHGVRWKDW WKHSHDNYDOXHFRXOGEH
IRXQG7KHUHVXOWVDUHVKRZQLQ)LJXUHVDQG 
 
)LJXUH3HDNSKRWRUHVSRQVHYV91$LQSXWSRZHUIRU026)(7&026
SURFHVVZLWK/J QPDWGLIIHUHQWELDVFXUUHQWV 
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 $VVKRZQLQ)LJXUHIRU/J QPWKHSHDNRISKRWRUHVSRQVHLQFUHDVHV
ZLWKLQSXWSRZHUWR91$H[WHQGHU,WLVQRWFOHDUZKDWWKHUHODWLRQVKLSEHWZHHQWKH
LQSXWDQGRXWSXWSRZHULV)URPWKH91$PDQXDO WKHSRZHUVKRXOGEHDWG%P
KRZHYHU ZH KDYH QR PHWKRG RI YHULI\LQJ WKLV ,Q WKH EHJLQQLQJ WKH SHDN
SKRWRUHVSRQVH JUDGXDOO\ LQFUHDVHG XS WR  G%P 7KH JUDGLHQWV RI WKH FXUYHV IRU
GLIIHUHQWYDOXHVRI,'VHHPWREHVDPH$ERYHG%PLQSXWSRZHUWKHSKRWRUHVSRQVH
LQFUHDVHVUDSLGO\$VLPLODUUHVXOWFDQEHVHHQZKHQXVLQJGHYLFHZLWK/J QPDV
VHHQ LQ)LJXUH%XW WKHUHDUHGLIIHUHQFHV LQ WKHPDJQLWXGHRI WKH UHVSRQVHDQG
³JUDGLHQW´DWORZSRZHU$WWKLVVWDJHWZRFRQFOXVLRQVFDQEHPDGHILUVWZKHQWKH
FXUUHQW LV LQFUHDVHG SKRWRUHVSRQVH LQFUHDVHV DQG WKHUH LV D VKLIW LQ WKH SHDN RI
SKRWRUHVSRQVH 7KHVH UHVXOWV SURYH WKDW E\ LQFUHDVLQJ FXUUHQW WKH SHDN RI WKH
SKRWRUHVSRQVHDOVRLQFUHDVHV7KLVHIIHFW LVGXHWR LQFUHDVHLQDV\PPHWU\RISODVPD
ZDYHV ERXQGDU\ FRQGLWLRQ >@ 6HFRQGO\ ZKHQ 5) LQSXW SRZHU LQFUHDVHG WKH
SKRWRUHVSRQVH ZLOO DOVR LQFUHDVH )URP WKH REWDLQHG UHVXOWV ZH FRXOG VHH WKDW
026)(7GHYLFHVFDQEHXVHGDVDVXE-7+]GHWHFWRUZLWKJRRGGHWHFWLRQVHQVLWLYLW\ 
 
 3KRWRUHVSRQVHYDU\LQJ9*6DQGIUHTXHQF\ 
  In this experiment, RF input power was set at 13dBm while ID was fixed at 5 
ȝA  ȝA DQG  ȝA respectively.  The peak of photoresponse was measured by 
varying VGS and frequencies from 140 GHz up to 220 GHz. Again, averaging the 
measured signal was required. LabVieW program took 100 measurements. Internal 
filtering of 100 readings was also enabled within the Keithley 196 DMM.  The results 
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of these experiments are shown in Figures 5.18 to 5.20. Note that direct comparison 
cannot be made because each of the measurements was made from different devices. 
 
)LJXUH3HDNSKRWRUHVSRQVHYVIUHTXHQF\IRU026)(780&&026
WHFKQRORJ\ZLWK/J QPDWGLIIHUHQWELDVFXUUHQWV 
 
)URP)LJXUHWKHSHDNRISKRWRUHVSRQVHDW*+]WKDWZHREVHUYHGIRU
/J QPDW,' ȝPVWDUWHGWR³UHVRQDWH´IURPEURDGHQLQJSKRWRUHVSRQVHZKHQ
LW UHDFKHV  9 $V WKH IUHTXHQF\ LQFUHDVHV WKH SHDN RI WKH SKRWRUHVSRQVH
GHFUHDVHVZLWKDJUDGLHQWRI -9*+])RUD026)(7ELDVHG,'DWX$WKH
EURDGHQLQJ SKRWRUHVSRQVH VWDUWHG WR GHFUHDVH DQG WKH SHDN SKRWRUHVSRQVH ZDV
PHDVXUHGDW9ZLWKGHFUHDVLQJJUDGLHQWRI-9*+]$IWHUWKDWWKHELDV
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ZDVLQFUHDVHGWR,' ȝ$DQGUHVRQDQWSHDNRFFXUUHGDW9DQG*+]
7KHSHDNRISKRWRUHVSRQVHDWWKLVELDVGHFUHDVHGIURP*+]XSWR*+]ZLWK
JUDGLHQWRI-9*+] 
 
 
)LJXUH3HDNSKRWRUHVSRQVHYVIUHTXHQF\IRU026)(780&&026
WHFKQRORJ\ZLWK/J QP 
 
 ,Q)LJXUHZLWK026)(7VRI/J QPDQGELDVHGDW,' ȝ$WKH
SHDN RI SKRWRUHVSRQVH ZHUH PHDVXUHG DW  9 DW  *+] 7KH SHDN
SKRWRUHVSRQVHZDVPHDVXUHGDVDIXQFWLRQRIIUHTXHQF\7KHUHVXOWVLQGLFDWHWKDWWKH
SHDN RI SKRWRUHVSRQVH GHFUHDVHV ZLWK WKH JUDGLHQW RI - 9*+] $V WKH
140 150 160 170 180 190 200 210 220
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
Frequency (GHz)
Pe
ak
 
Ph
ot
or
es
po
ns
e 
(V
)
Peak Photoresponse vs Frequency for MOSFET 0.18um Lg=350nm at different bias
 
 
5 uA
10 uA
15uA
 103 
026)(7ZDVELDVHGDW ,' ȝ$ WKHSHDNRISKRWRUHVSRQVHZHUHREVHUYHGDQG
DOVR WKH SHDN RI SKRWRUHVSRQVH VWDUWLQJ WR GHFUHDVH ZLWK WKH JUDGLHQW RI  -
9*+] ZKHQ VZHHSLQJ WKH IUHTXHQF\ IURP  *+] XS WR  *+] 7KHQ DV WKH
026)(7ZDVELDVHGDW,' ȝ$WKHSHDNSKRWRUHVSRQVHZDVPHDVXUHGDV
9 DW  *+] $V WKH IUHTXHQF\ ZDV VZHSW WKH UHVXOWV VKRZ WKDW WKH SHDN RI
SKRWRUHVSRQVHZDVGHFUHDVHGZLWKWKHJUDGLHQWRI-9*+] 
 
)LJXUH3HDNSKRWRUHVSRQVHYVIUHTXHQF\IRU026)(780&&026
WHFKQRORJ\ZLWK/J QP 
 
7KH SHDN RI SKRWRUHVSRQVH RI 026)(7V ZKHUH /J   QP ZHUH DOVR
REVHUYHG DQG PHDVXUHG ,Q )LJXUH  D ELDVLQJ RI ,'   ȝ$ WKH SHDN RI
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SKRWRUHVSRQVH VWDUWHG WR UHVRQDWH DW  9 DW  *+] 7KHQ WKH SHDN RI
SKRWRUHVSRQVH GHFUHDVHG ZLWK IUHTXHQF\ ZLWK D JUDGLHQW RI - 9*+] 7KHQ
WKH026)(7ZDVELDVHGDW,' ȝ$WKHSHDNRISKRWRUHVSRQVHZHUHREVHUYHGDW
9DQGWKHSHDNRISKRWRUHVSRQVHGHFUHDVHGZLWKDJUDGLHQWRI-9*+]
IRU D VZHHS RI IUHTXHQF\ IURP  *+] XS WR  *+] 7KHVH UHVXOWV SURYH WKDW
026)(7VFDQEHUHVRQDQWWXQHDEOHGHWHFWRUVRIVXE-7+]UDGLDWLRQ 
 3UHYLRXVZRUNVRQ026)(7V7+]GHWHFWRUVVKRZMXVWDVLQJOHEURDGSHDNLQ
WKH UHVSRQVLYLW\ ZKRVH PD[LPXP XVXDOO\ RFFXUUHG DW WKH WKUHVKROG YROWDJH RI WKH
GHYLFH ,Q WKLV WKHVLV UHVXOWV VKRZV WKDW D SHDN LQ WKH SKRWRUHVSRQVH RI WKH GHYLFHV
ZDVREVHUYHG6HYHUDO H[SODQDWLRQV DUHSUHVHQWHGEHORZ WR H[SODLQ DQG VXSSRUW WKH
GLIIHUHQFHV 
 )LUVWRIDOOWKHH[SHULPHQWVHWXSLQRXUODELVGLIIHUHQWIURPWKHPHWKRGVXVHG
SUHYLRXVO\,QWHUPVRIVXE-7+]VRXUFHVPRVWRISUHYLRXVZRUNXVHGD*XQQGLRGHDV
WKH VRXUFH RI WKH VXE-7+] ZKLFK ZDV FKRSSHG ZLWK D PHFKDQLFDO FKRSSHU 7KH
SKRWRUHVSRQVH VLJQDO ZDV PHDVXUHG XVLQJ VWDQGDUG ORFN-LQ WHFKQLTXHV ,Q RXU
WHFKQLTXH WKH VXE-7+] UDGLDWLRQ RXWSXW IURP WKH $QULWVX %URDGEDQG 1HWZRUN
$QDO\]HU0(%DUHGLUHFWO\FRXSOHGWRWKH026)(7VE\XVLQJ5)*-6-*3UREH
E\3LFRSUREH7KHGHWHFWHGTXDVL'&VLJQDOZDVPHDVXUHGXVLQJ.HLWKOH\PXOWLPHWHU 
6HFRQGO\ WKH GHYLFH LQ WKH H[SHULPHQW LV IURP D GLIIHUHQW VLOLFRQ IRXQGU\
3UHYLRXV SXEOLVKHG UHVXOWV LQ 026)(7V KDYH JHQHUDOO\ EHHQ VRXUFHG E\ ,%0
0LFURHOHFWURQLFV>@7KH,%0GHYLFHVKDYHVPDOOHUJDWHOHQJWKQRPLQDOO\QP
WRQPFRPSDUHGWRRXUV,QWKH$06&&026WHFKQRORJ\WKHPLQLPXPJDWH
OHQJWKLVQPDQGLQ80&&026WHFKQRORJ\WKHPLQLPXPJDWHOHQJWKRI
 105 
QPQPDQGQPZHUHXVHG7KH5)SHUIRUPDQFHZRXOGEHGHSHQGHQWRQWKH
SDUDVLWLFVDVVRFLDWHGZLWK5)SDGVOD\RXWDQGWKHVL]HRIWKHGHYLFH7KHSURSHUWLHVRI
WKH'(*HVSHFLDOO\WKHSODVPDZDYHVZLOOGHSHQGRQWKHGLIIHUHQFHLQJDWHOHQJWK
DVZLOODVWKHJDWH-VRXUFHVHSDUDWLRQ 
3UHYLRXVO\WKHPHDVXUHGSKRWRUHVSRQVHSHDNZLGWKZDVDSSUR[LPDWHO\9
>@ ,W FRXOG EH WKDW WKH UHVXOW SUHVHQWHG LV MXVW RQH VLGH RI DQ XQREVHUYHG SHDN
+RZHYHULQRXUPHDVXUHPHQWZHPDQDJHWRUHGXFHWKHEURDGHQLQJSKRWRUHVSRQVHXS
WRWKHZLGWKRIDSSUR[LPDWHO\97KLVPD[LPXPZLGWKWKDWZHDFKLHYHGFDQ¶WEH
UHGXFHGDQ\IXUWKHUDVWKHGHYLFHV9*6UHGXFHGEHORZSLQFKRIIDQGWKHUHVLVWDQFHRI
WKHFKDQQHOEHWZHHQWKHVRXUFHDQGWKHGUDLQLQFUHDVHVUDSLGO\ 
,QPHDVXULQJWKHSKRWRUHVSRQVHDWGLIIHUHQW5)LQSXWSRZHUVWKHUHVXOWVVKRZ
WKDW E\ LQFUHDVLQJ WKH FXUUHQW WKH SKRWRUHVSRQVH ZLOO DOVR LQFUHDVH $OVR DV ZH
LQFUHDVH WKH 5) LQSXW SRZHU WKH SKRWRUHVSRQVH DOVR LQFUHDVHV ZLWK D YHU\ VPDOO
JUDGLHQW7KHVHUHVXOWVSURYHWKDWUHVSRQVLWLYLW\RIWKH026)(7VDWGLIIHUHQWOHYHOVRI
5)LQSXWSRZHU 
,QWHUPVRIWKHIUHTXHQF\GHSHQGHQF\PHDVXUHPHQWRXUH[SHULPHQWDOUHVXOWV
DUH GLIIHUHQW IURP SUHYLRXVO\ SXEOLVKHG SDSHUV >-@ ,Q WKLV WKHVLV WKH REWDLQHG
UHVXOWV VKRZ WKDW WKH 026)(7V SHDN SKRWRUHVSRQVH GHSHQGV RQ YDU\LQJ WKH
IUHTXHQFLHV IURP  *+] XS WR  *+] 7KH UHVXOWV VKRZ WKDW WKH SHDN
SKRWRUHVSRQVHGHFUHDVHVZLWKIUHTXHQFLHV,QDGGLWLRQWRWKHVHUHVXOWVZHPDQDJHGWR
PHDVXUHDSKRWRUHVSRQVHDW*+]ZKHUHSUHYLRXVZRUNKDGQRWEHHQGRQHEHIRUH
DQ\ZKHUH7R WKHEHVWRI WKHDXWKRU¶VNQRZOHGJH WKLV W\SHRIZRUNKDVQHYHUEHHQ
SXEOLVKHGEHIRUH 
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 &RQFOXVLRQ 
In summary, we have demonstrated the photoresponse to CW sub-THz 
radiation of MOSFETs from two (2) types of CMOS technology, AMS C35 UMC18 
CMOS technology at different gate length caused by plasma wave detection. These 
results provide evidence that the photoresponse increases with the VGS at different 
current enhancement and the RF input power, but inversely proportional to the 
frequencies. These experiments also provide evidence that the MOSFETs are able to 
work as sensitive sub-THz detectors. In general, photoresponse dependency with VGS 
is totally different from previously reported work and several explanations have been 
put forward to account for these differences. As MOSFETs were proven to be a good 
sub-THz detector, one should look to integrate of detector with a sub-THz CMOS 
amplifier and this will allow the development of sub-THz front-end receiver.  
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Chapter 6 
Conclusion and future work 
 6.1 Thesis conclusion 
 In this thesis, a review on state of the art in sub-THz generation and detection 
was presented, including both optical and electronic generation and detection. In 
chapter 3, the operation of the two terminals IMPATT diode was discussed. By 
employing reverse bias; avalanche multiplication process and generated holes-
electron pairs will pass through the drift region. This process produces external power 
due to their negative resistance at microwave frequencies. Monolithic integrated 
IMPATT diode based on commercial AMS C35 CMOS technology was developed 
and tested.  The diodes were simulated using ADS2006A at resonant frequencies at 
30 GHz with a very large negative resistance. Based on the measurements, the 
avalanche frequency for IMPATT diode were observed for two different conditions; 
without illumination and with illumination, where without the illumination, the 
avalanche frequency were detected of the beginning of the frequency at 3 GHz, while 
by using illumination, the observation were made at 13 GHz. The objective of this 
research was to realise IMPATT diodes operating in the sub-THz region, but the 
avalanche frequency attained was at nearly 13 GHz. 
 Sub-THz detection by FET by plasma wave terahertz devices was investigated 
and the existing response models were examined. The development and the results of 
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SKRWRUHVSRQVHXVLQJ+(07ZLWKȝm gate lengtKDQGȝm width caused using 
a sub-THz CW source from 140 GHz up to 325 GHz were presented. Experimental 
results showed that the photoresponse was affected by the drain current and the gate 
to source voltage, VGS. In addition, the photoresponse also depends the changes to the 
frequency. Furthermore, we explored the response of the HEMT devices to varying 
power. Several explanations had been put forward to explain why the results are 
different from the previous work. 
 Chapter 5 presented results of using silicon MOSFET n-channel as sub-THz 
detectors. In this chapter the photoresponse to CW sub-THz radiation of MOSFETs 
for two (2) types of CMOS technology, AMS C35 and UMC18 CMOS technology 
with varying at different gate length was measured. Again, the method was different 
from previous work. In the experiment, detection reported in this thesis used RF-
probing to couple the radiation into the device. Experimental results showed that the 
photoresponse depends on the gate-to-source voltage, drain current, frequency, and 
RF power. Also, by increasing the frequency, a decreasing of the maximum 
photoresponse was observed. Consequently, new low cost sub-THz detectors could 
be made of these MOSFETs by integrating them with appropriate CMOS low 
frequency amplifiers. 
 
6.2 Future work 
 Several suggestions on the future work for sub-THz sources and detectors 
using semiconductor devices are presented here. For IMPATT diode, a proper design 
with larger active area while reducing the diode capacitance, to allow an increase of 
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the negative resistance and resonant frequency. In addition, the IMPATT diode also 
can be produced in other CMOS process such as in XFAB  ȝP &026
technology, UMC 0.18 ȝm CMOS technology, etc. Using a proper on-wafer probe 
station can also increase the efficiency in the experimental assessment of the 
IMPATT diode.  
  On the experimental setup, with the availability of the Thor Labs motorized 
stage, an accurate THz beam placement and focus is more easily achieved. Therefore, 
it is possible to obtain peak photoresponse measurements at higher frequency. 
Additionally, response maps at these frequencies would provide insight into coupling 
at these frequencies, and enable the design of appropriate structures to more 
efficiently couple the incident radiation to the plasma wave devices. 
 Another suggestion is to design a Focal Plane Array (FPA) based on patch 
antennas integrated with MOSFETs to couple the sub-THz radiation where the feed 
of patch antennas are connected to the gate of MOSFETs. The on-chip antennas can 
mitigate substrate coupling and will increase the response. With these FPAs, a room 
temperature of sub-THz multiplexing imaging in CMOS can be realized. 
 Finally, given the impressively high speed performance of silicon-germanium 
devices and the ease of their integration with common silicon CMOS processing, 
investigation of plasma wave operation in these devices gives a great promise in 
terahertz multiplexing imaging. 
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Appendix 
Chapter 3: 
De-embedding procedure. 
De-embedding technique need to be done since the inner diode cannot be measured 
directly. The open and short structures are designed and the gap between metal in the 
open structure is the same dimension of the IMPATT diode. Figure below shows the 
short , open, and load  elements used for de-embedding IMPATT diode:- 
 
 
Figure A3.1: Load  
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Figure A3.2: Open 
 
Figure A3.3: Short  
 
With these structures the impedance of the parallel and the parasitic caused by RF 
pad and the metal between RF pad and the diode can be estimated and subtracted 
from the quantified impedance of the diode. The impedance of measured diode with 
metal and RF pads is called ZDUT (DUT is device under test) where the inner diode we 
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called it ZDIODE. The equivalent circuit IMPATT diode with de-embedding technique 
is shown in figure below:- 
 
Figure A3.4: Equivalent circuit of the IMPATT diode embedded for S-Parameter  
 
At first stage, the reflection coefficient of  the  ZDUT  is measured. Then the reflection 
coefficient transformed to impedance by using formula below with characteristic 
impedance ZO   
                                          ܼ ൌ ଵାīଵିī Ǥ                                                            (3.13) 
The open structure, is firstly used to determine the parallel admittance YP of the 
contact structure:  
YOPEN = YP . Then the admittance of short circuit YSHORT  is measured where  YSHORT 
= 1/ZS . With all the impedance can be known, the inner diode impedance can be 
calculated by following equation :- 
                 ZDIODE=(YDUT-YOPEN)-1 ± (YSHORT-YOPEN)-1                                   (3.14)              
 
 127 
YDUT is measured of Y-Parameter device including all the structure, and YSHORT and 
YOPEN is the Y parameter for open and short. The procedure of deembedded technique 
had been published by Koolen et al. in 1990 [3.10]. Figure 3.17  below shows 
measured S11 for short and open deembed.  
 
Figure A3.5: Calibration results on the Smith Chart 
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Chapter 4 
FET  IV  Characteristic and THz Detector using NI Labview 8.5  
 
Figure A4.1: IV Characteristic ATF36163.vi Front panel 
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Figure A4.2: IV Characteristic ATF36163.vi block diagram 1 
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Figure A4.3: IV Characteristic ATF36163.vi block diagram 2 
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Photoresponse  Experiment using NI Labview 8.5  
 
Figure A4.4: Photoresponse front panel using ATF36163.vi  
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Figure A4.5: Photoresponse block diagram 1.vi  
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Figure A4.6: Photoresponse block diagram 2 .vi  
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Chapter 5 
FET  IV  Characteristic and THz Detector using NI Labview 8.5  
 
Figure A5.1: IV Characteristic MOSFET.vi Front panel 
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Figure A5.2: IV Characteristic MOSFET.vi block diagram 1 
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Figure A5.3: IV Characteristic ATF36163.vi block diagram 2 
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Photoresponse  Experiment using NI Labview 8.5  
 
Figure A5.4: Photoresponse front panel using MOSFET.vi 
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Figure A5.5: Photoresponse MOSFET.vi block diagram 1.vi  
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Figure A5.6: Photoresponse MOSFET.vi  block diagram 2 .vi  
